Layout Recommendations 
for a System Using 
National's FDDI Chip Set 



This application note covers basic PCB layout recommen- 
dations and design techniques for high speed signal distri- 
bution in National's FDDI system. Due to the high signal 
speeds in FDDI, proper layout is critical. Many digital design- 
ers are not aware of problems that can arise in a high speed 
system from improper routing, incorrect termination, and 
poor power and ground layout. 

ROUTING 

Line reflections are a reflection of the signal waveform in a 
transmission line. They are caused by a difference in imped- 
ance between the transmission line and the load at the end 
of the line. If the line propagation delay is small compared to 
the rise time of the signal, the reflection is hidden during the 
rise time and is not seen as overshoot or ringing. However 
with the fast edge rates of the signals in a FDDI system, the 
line length becomes critical. The distortion that results from 
reflections can give false triggering or data errors. The sig- 
nals most susceptible to reflections in a FDDI system are 
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the differential ECL signals. In National's FDDI chip set 
these include the following: 

• 125 MHz and 12.5 MHz ECL clocks from the DP83241 
(CDDtm device) 

• Receive Data and Receive Clock from the DP83231 
(CRDtm device) 

• Data to and from the fiber optic transceiver, and 

• Loopback data from the DP83251 /55 (PLAYERtm 
device) 

It is imperative that these signal lines be kept as short as 
possible. To achieve this, the DP83241 should be placed 
close to the DP83251/55, the DP83231 should be placed 
close to the fiber optic receiver and the DP83251/55, and 
the fiber optic transmitter should be placed close to the 
DP83251/55 (Figures 1 and 2). The pinout of the 
PLAYER device determines the placement of the CDD and 
CRD devices. All the ECL signals that travel between these 
devices line up perfectly. To keep the ECL signals traveling 
between these three devices as short as possible, the CDD 
and CRD devices should be oriented with pin 1 facing the 
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FIGURE 1. Recommended Component Placement for a Single Attach Station (SAS) 



PLAYERtm, BMAC™, CDD™ and CRDtm are trademarks ot National Semiconductor Corporation. 
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*See DP83241 Datasheet for driving multiple DP83251/55 devices. 

FIGURE 2. Recommended Component Placement for a Dual Attach Station (DAS) 



PLAYER device. In addition, the PLAYER device must have 
its ECL signals facing toward the fiber optic transceiver. 
A Single Attach Station (SAS) in an AT form factor was 
chosen to demonstrate recommended chip placement and 
signal routing. Figures 3 through 7 show the basic connec- 
tions between National's FDDI chips in a Single Attach Sta- 
tion. The silkscreen showing chip and component place- 
ment is shown in Figure 8 and the actual signal traces are 
shown in Figure 9. The FOTX and FORX placement is set 
by the PMD specification. The CDD, CRD and PLAYER de- 
vices should be placed as described in the previous para- 
graph. However, due to the constraints of the AT form fac- 
tor, it is necessary to rotate the CDD device and its external 
components 90 degrees counter clockwise. The only re- 
maining chip to be placed was the DP83261 , BMACtm de- 
vice. Once again the form factor determined the placement, 



but the orientation was chosen to allow an easy connection 
to the system interface, the control logic and the PLAYER 
device. Since the system interface logic is on the end of the 
board opposite the fiber optic transceiver, it was logical to 
have these signals facing that end of the board. It also al- 
lowed the control signals of the BMAC device to be near the 
control signals of the PLAYER device. All the TTL signals in 
this design can be autorouted. However, none of these sig- 
nals should pass through the CDD or CRD device circuitry 
areas to avoid the possibility of noise due to crosstalk. In a 
Dual Attach Station (DAS) or a Concentrator design, the 
CRD device should still be placed as close as possible to 
the PLAYER device but the one CDD device responsible for 
clocking all the PLAYER and BMAC devices should be 
placed so as to minimize the skews between each PHY 
layer. More information regarding the CDD device driving 
multiple PLAYER devices can be found in the DP83241 da- 
tasheet. 
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FIGURE 3. Basic Block Diagram of a Single Attach Station Using National's FDDI Chips 
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FIGURE 4. Basic DP83241 Connections in a Single Attach Station (SAS) 
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FIGURE 5. Basic DP83231 Connections in a Single Attach Station (SAS) 



TL/F/1 0790-5 



From Control Bus — 

From Control Bus — 

From Control Bus — 

From Control Bus — 

From Control Bus — 

From Control Bus — 

To/From Control Bus •+- 

To Control Bus •4 — 

To CRD Device •+- 

To Control Bus ^— 

From Control Bus — 

From Control Bus — 

From Control Bus — 



+5V| VA- 



To FOTX -4- 



From BMAC 


To BMAC 


To BMAC 


From BMAC 


or PLAYER 


or PLAYER 


or PLAYER 


or PLAYER 


device 


device 


device 


device 



ACK 

iNT 

CE 

R/W 

RST 

CBA0-CBA4 

CBD0-CBD7 

CBP 

EPO 

EP1 

CBPE 

SPO 

SP1 

CR 

cs 

TXE 



DP83251/55 
(PLAYER) 



+5V 



TBC ± 


« 




From CDD device 


TXC ± 

LBC 


« 




From CDD device 
From CDD device 






TXD ± 






To FOTX 








LBD ± 
RXD ± 
RXC ± 




► 


To CRD device 
From CRD device 
From CRD device 


< 




ELB 

TTLSD 

CD 






To CRD device 
From CRD device 
From CRD device 






4 





TL/F/10790-6 



FIGURE 6. Basic DP83251/55 Connections for either an SAS or DAS 



TERMINATION 

In addition to keeping the ECL signal traces as short as 
possible to avoid reflections, it is necessary to properly ter- 
minate all of the ECL signal traces. If the ECL signals are 
not properly terminated, line reflections will occur. There are 
several methods for terminating signal traces but it is rec- 
ommended that a Thevenin equivalent of the proper parallel 
termination be used. This method has the advantages of 
using a single power supply voltage and providing a pull- 
down resistor for the driver circuit. 

Reflections occur not only from mismatched load and 
source impedances but also from changes in line imped- 
ance. The impedance of a signal trace can be set to a fairly 
accurate degree by setting the trace width to a particular 
value. The equation in Appendix B, System Considerations, 



shows how the line impedance is determined by the dielec- 
tric constant of the PCB, the thickness of the trace, the 
width of the trace and the distance of the trace from the 
ground plane. The dielectric constant will vary depending on 
the board manufacturer that is being used, so it is advisable 
to get this information from the board manufacturer before 
the ECL signals are routed. In an attempt to prevent line 
reflections, sharp bends (changes in the characteristic im- 
pedance) in the signal line should be avoided. It is recom- 
mended that all bends in high speed signal traces be forty- 
five degrees or less. More information on reflections and 
termination schemes can be found in Appendix A, Transmis- 
sion Line Concepts, and Appendix B, System Considera- 
tions. 
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FIGURE 7. Basic DP83261 Connections 
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FIGURE 8. Silkscreen Showing Placement of National's FDDI Chip Set in an SAS for an AT Form Factor 
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FIGURE 9. Signal Traces Connecting National's FDDI Chip Set in an SAS for an AT Form Factor 
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FIGURE 8a. Close Up of Silkscreen for CDD and CRD 
Portion of Figure 8 
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FIGURE 9a. Close Up of Signal Traces for CDD and CRD 

Portion of Figure 9. Black traces represent the 

component side signal layer and the shaded 

traces represent the solder side signal layer. 



POWER AND GROUND 

In the design of a system, most people concern themselves 
with the layout of the signal lines and components and not 
with the ground and power layout. In high speed design, the 
shortest ground return path and the least inductive ground 
help maintain large signal noise margins. A common tech- 
nique used to reduce ground noise is to create separate 
ground islands that are connected at only one point on the 
board. This point, at which the ground islands should con- 
nect is where the ground enters the PCB. The goal of this 
technique is to separate the noise on the ground plane, due 
to high current switching devices, from the parts which are 
susceptible to noise. Since voltage is equal to the induc- 
tance multiplied by the change in current divided by the 
change in time, a high current switching device will affect 
the noise margin of a signal. It is not necessay to create 
different ground islands for each part but only to create a 
separate ground island for the high current switching devic- 
es such as line or bus drivers. In the Single Attach Station 
design example described earlier in this application note 
there was a ground plane with no islands. The only excep- 
tions to this involved some ground pins on the CDD and 
CRD devices. These connections are explained in the rec- 
ommended layout sections of their datasheets. 



The ground return path should be kept as short as possible 
by keeping the ground for an output device and the load 
(termination) on the same ground island. High speed signals 
should not be routed across different ground islands since a 
change in impedance will occur from the break in the 
ground planes. Ground should be routed on signal layers 
between signals that run parallel to each other for long dis- 
tances. 

Proper power supply bypassing is also recommended so 
that Vcc levels are not reduced when a sudden switch in 
current occurs. This reduction of Vcc w '" not De global, but 
instead localized and could affect the noise margin of a sig- 
nal. 

Remember that in ECL design, Vcc is connected to a logic 
ground but is actually the highest voltage level. The Vee 
supply level should be treated as the ground and Vcc as the 
power supply when using National's FDDI chip set since it 
uses positive referenced ECL signals rather than negative. 
More information on power and ground can be found in Ap- 
pendix C, Power Distribution and Thermal Considerations. 



APPENDIX A 

ECL DESIGN GUIDE: 

TRANSMISSION LINE CONCEPTS 

INTRODUCTION 

The interactions between wiring and circuitry in high-speed 
systems are more easily determined by treating the inter- 
connections as transmission lines. A brief review of basic 
concepts is presented and simplified methods of analysis 
are used to examine situations commonly encountered in 
digital systems. Since the principles and methods apply to 
any type of logic circuit, normalized pulse amplitudes are 
used in sample waveforms and calculations. 

SIMPLIFYING ASSUMPTIONS 

For the great majority of interconnections in digital systems, 
the resistance of the conductors is much less than the input 
and output resistance of the circuits. Similarly, the insulating 
materials have very good dielectric properties. These cir- 
cumstances allow such factors as attenuation, phase distor- 
tion, and bandwidth limitations to be ignored. With these 
simplifications, interconnections can be dealt with in terms 
of characteristic impedance and propagation delay. 

CHARACTERISTIC IMPEDANCE 

The two conductors that interconnect a pair of circuits have 
distributed series inductance and distributed capacitance 
between them, and thus constitute a transmission line. 
For any length in which these distributed parameters are 
constant, the pair of conductors have a characteristic im- 
pedance Zo. Whereas quiescent conditions on the line are 
determined by the circuits and terminations, Zo is the ratio 
of transient voltage to transient current passing by a point 
on the line when a signal charge or other electrical distur- 
bance occurs. The relationship between transient voltage, 
transient current, characteristic impedance, and the distrib- 
uted parameters is expressed as follows: 

V 

7 



Zo 



(eq. 1) 



where l_o = inductance per unit length, Co = capacitance 
per unit length. Zq is in ohms, Lq in Henries, Cq in Farads. 

PROPAGATION VELOCITY 

Propagation velocity v and its reciprocal, delay per unit 
length 8, can also be expressed in terms of Lq and Cq. A 
consistent set of units is nanoseconds, microhenries and 
picofarads, with a common unit of length. 
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(eq- 2) 
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Equations 1 and 2 provide a convenient means of determin- 
ing the Lg and Cq, of a line when delay, length and imped- 
ance are known. For a length / and delay T, S is the ratio 1/1. 
To determine Lq and Cq, combine Equations 1 and 2. 



Lo = 
Co 



sz 

_8_ 



(eq. 3) 
(eq. 4) 



More formal treatments of transmission line characteristics, 
including loss effects, are available from many sources. 1-3 

TERMINATION AND REFLECTION 

A transmission line with a terminating resistor is shown in 
Figure 1 . As indicated, a positive step function voltage trav- 
els from left to right. To keep track of reflection polarities, it 
is convenient to consider the lower conductor as the voltage 
reference and to think in terms of current flow in the top 
conductor only. The generator is assumed to have zero in- 
ternal impedance. The initial current ^ is determined by V-| 
and Zq. 
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FIGURE 1. Assigned Polarities and 
Directions for Determining Reflections 

If the terminating resistor matches the line impedance, the 
ratio of voltage to current traveling along the line is matched 
by the ratio of voltage to current which must, by Ohm's law, 
always prevail at Rj. From the viewpoint of the voltage step 
generator, no adjustment of output current is ever required; 
the situation is as though the transmission line never existed 
and Rj had been connected directly across the terminals of 
the generator. From the Rj viewpoint, the only thing the line 
did was delay the arrival of the voltage step by the amount 
of time T. 

When Rj is not equal to Zo, the initial current starting down 
the line is still determined by V-| and Zo but the final steady 
state current, after all reflections have died out, is deter- 
mined by V-| and Rj (ohmic resistance of the line is as- 
sumed to be negligible). The ratio of voltage to current in the 
initial wave is not equal to the ratio of voltage to current 
demanded by Rj. Therefore, at the instant the initial wave 
arrives at Rj, another voltage and current wave must be 
generated so that Ohm's law is satisfied at the line- 
load interface. This reflected wave, indicated by V r and l r in 
Figure 1, starts to return toward the generator. Applying 



thus 
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(eq. 6) 
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Kirchoff's laws to the end of the line at the instant the initial 
wave arrives, results in the following. 
I-I + l r = ly = current into Rj (eq. 5) 

Since only one voltage can exist at the end of the line at this 
instant of time, the following is true: 
V! + V r = V T 

V T _ V! + V r 

F^~ Rt 

Vi v r 

- 1 andl r = -- L 

Zo z 

with the minus sign indicating that V r is moving toward the 
generator. 

Combining the foregoing relationships algebraically and 
solving for V r yields a simplified expression in terms of V-i, 
Z and R-r. 
V 1 _ Vj- _ V 1 + V r 
Zo Z " R T 
1 _ 1 

vzo" r^/ 
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Yl + ^I 

Rt Rt 

1 1 

Rt + z '/ 



(eq. 7) 
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The term in parenthesis is called the coefficient of reflection 
p. With Rj ranging between zero (shorted line) and infinity 
(open line), the coefficient ranges between — 1 and + 1 re- 
spectively. The subscript L indicates that p refers to the 
coefficient at the load end of the line. 
Equation 7 expresses the amount of voltage sent back 
down the line, and since 

V T = V-, + V r (eq. 8) 

then V T = V 1 (1 + p L ). 

Vj can also be determined from an expression which does 
not require the preliminary step of calculating pi_. Manipulat- 
ing (1 + p|_) results in 

R T - Z _ „ / R T 



1+PL = 1 R T + Z "VRT 
Substituting in Equation 8 gives 



Zo 



VRt + Zq/ 



R T + Z 

The foregoing has the same form as a simple voltage divid- 
er involving a generator V-| with internal impedance Zq driv- 
ing a load Rj, except that the amplitude of Vt is doubled. 
The arrow indicating the direction of V r in Figure 1 correctly 
indicates the V r direction of travel, but the direction of l r flow 
depends on the V r polarity. If V r is positive, l r flows toward 
the generator, opposing l-|. This relationship between the 
polarity of V r and the direction of l r can be deduced by not- 
ing in Equation 7 that if V r is positive it is because Rt is 



greater than Zq. In turn, this means that the initial current l r 
is larger than the final quiescent current, dictated by V-| and 
Rt. Hence, l r must oppose li to reduce the line current to 
the final quiescent value. Similar reasoning shows that if V r 
is negative, l r flows in the same direction as l-|. 
It is sometimes easier to determine the effect of V r on line 
conditions by thinking of it as an independent voltage gener- 
ator in series with Rt. With this concept, the direction of l r is 
immediately apparent; its magnitude, however, is the ratio of 
V r to Zo, i.e., Rt is already accounted for in the magnitude of 
V r . The relationships between incident and reflected signals 
are represented in Figure 2 for both cases of mismatch be- 
tween Rt and Zo. 

The incident wave is shown in Figure 2a, before it has 
reached the end of the line. In Figure 2b, a positive V r is 
returning to the generator. To the left of V r the current is still 
l-l, flowing to the right, while to the right of V r the net current 
in the line is the difference between li and l r . In Figure 2c, 
the reflection coefficient is negative, producing a negative 
V r . This, in turn, causes an increase in the amount of current 
flowing to the right behind the V r wave. 
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b. Reflected Wave for Ry > Z 
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c. Reflected Wave for R T < Z 
FIGURE 2. Reflections for R T - Z 
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SOURCE IMPEDANCE, MULTIPLE REFLECTIONS 

When a reflected voltage arrives back at the source (gener- 
ator), the reflection coefficient at the source determines the 
response to V r . The coefficient of reflection at the source is 
governed by Zo and the source resistance Fig. 

If the source impedance matches the line impedance, a re- 
flected voltage arriving at the source is not reflected back 
toward the load end. Voltage and current on the line are 
stable with the following values. 

V T = Vt + V r andl T = h -l r (eq. 11) 

If neither source impedance nor terminating impedance 
matches Zo, multiple reflections occur; the voltage at each 
end of the line comes closer to the final steady state value 
with each succeeding reflection. An example of a line mis- 
matched on both ends is shown in Figure 3. The source is a 
step function of 1 V amplitude occurring at time to. The initial 
value of V 1 starting down the line is 0.75V due to the volt- 
age divider action of Zo and Rs- The time scale in the photo- 
graph shows that the line delay is approximately 6 ns. Since 
neither end of the line is terminated in its characteristic im- 
pedance, multiple reflections occur. 

The amplitude and persistence of the ringing shown in Fig- 
ure 3 become greater with increasing mismatch between 
the line impedance and source and load impedances. Re- 
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FIGURE 3. Multiple Reflections Due to 
Mismatch at Load and Source 



ducing Rg (Figure 3) to 13fl increases pg to -0.75V, and 
the effects are illustrated in Figure 4. The initial value of Mj 
is 1.8V with a reflection of 0.9V from the open end. When 
this reflection reaches the source, a reflection of 0.9V x 
-0.75V starts back toward the open end. Thus, the second 
increment of voltage arriving at the open end is negative 
going. In turn, a negative-going reflection of 0.9V X —0.75V 
starts back toward the source. This negative increment is 
again multiplied by —0.75 at the source and returned 
toward the open end. It can be deduced that the difference 
in amplitude between the first two positive peaks observed 
at the open end is 

V T " V'j = d + PL) V! - (1 + p L ) V! p2 L p2g 
= (1 + p L ) V! (1 - p2 L p2g). 

The factor (1 — p 2 L p2 g ) is similar to the damping factor 
associated with lumped constant circuitry. It expresses the 
attenuation of successive positive or negative peaks of ring- 
ing. 



(eq. 12) 
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FIGURE 4. Extended Ringing when R s 
of Figure 3 is Reduced to 1 3fi 

LATTICE DIAGRAM 

In the presence of multiple reflections, keeping track of the 
incremental waves on the line and the net voltage at the 
ends becomes a bookkeeping chore. A convenient and sys- 
tematic method of indicating the conditions which combines 
magnitude, polarity and time utilizes a graphic construction 
called a lattice diagram. 4 A lattice diagram for the line condi- 
tions of Figure 3 is shown in Figure 5. 
The vertical lines symbolize discontinuity points, in this case 
the ends of the line. A time scale is marked off on each line 
in increments of 2T, starting at to for V-| and T for Vj. The 
diagonal lines indicate the incremental voltages traveling 
between the ends of the line; solid lines are used for posi- 
tive voltages and dashed lines for negative. It is helpful to 
write the reflection and transmission multipliers p and 
(1 + p) at each vertical line, and to tabulate the incremental 
and net voltages in columns alongside the vertical lines. 
Both the lattice diagram and the waveform photograph 
show that V-| and Vy asymptotically approach 1V, as they 
must with a 1V source driving an open-ended line. 
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FIGURE 5. Lattice Diagram for the Circuit of Figure 3 



SHORTED LINE 

The open-ended line in Figure 3 has a reflection coefficient 
of + 1 and the successive reflections tend toward the 
steady state conditions of zero line current and a line volt- 
age equal to the source voltage. In contrast, a shorted line 
has a reflection coefficient of — 1 and successive reflections 
must cause the line conditions to approach the steady state 
conditions of zero voltage and a line current determined by 
the source voltage and resistance. 

Shorted line conditions are shown in Figure 6a with the re- 
flection coefficient at the source end of the line also nega- 
tive. A negative coefficient at both ends of the line means 
that any voltage approaching either end of the line is reflect- 
ed in the opposite polarity. Figure 6b shows the response to 
an input step-function with a duration much longer than the 




line delay. The initial voltage starting down the line is about 
+ 0.75V, which is inverted at the shorted end and returned 
toward the source as —0.75V. Arriving back at the source 
end of the line, this voltage is multiplied by (1 + ps), caus- 
ing a —0.37V net change in V-|. Concurrently, a reflected 
voltage of + 0.37V (- 0.75V times ps of -0.5) starts back 
toward the shorted end of the line. The voltage at Vi is 
reduced by 50% with each successive round trip of reflec- 
tions, thus leading to the final condition of zero volts on the 
line. 

When the duration of the input pulse is less than the delay 
of the line, the reflections observed at the source end of the 
line constitute a train of negative pulses, as shown in Figure 
6c. The amplitude decreases by 50% with each successive 
occurrence as it did in Figure 6b. 



TL/F/10790-99 



PS 



PL 



a. Reflection Coefficients for Shorted Line 




BBS 



£^&atraKK&&ti& 




MRsw 


^$- 1: &$5#SR$£ 


Era££ 




KS99HHP 


^M$£&mmM 


H = 10ns*div 
V = 0.2 Wdiv 



TL/F/10790-22 

b. Input Pulse Duration > Line Delay 

FIGURE 6. Reflections of Long and Short Pulses on a Shorted Line 
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c. Input Pulse Duration < Line Delay 
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SERIES TERMINATION 

Driving an open-ended line through a source resistance 
equal to the line impedance is called series termination. It is 
particularly useful when transmitting signals which originate 
on a PC board and travel through the backplane to another 
board, with the attendant discontinuities, since reflections 
coming back to the source are absorbed and ringing thereby 
controlled. Figure 7 shows a 93fl line driven from a 1 V gen- 
erator through a source impedance of 93fl. The photograph 
illustrates that the amplitude of the initial signal sent down 
the line is only half of the generator voltage, while the volt- 
age at the open end of the line is doubled to full amplitude 
(1 + PL = 2). The reflected voltage arriving back at the 
source raises V-| to the full amplitude of the generator sig- 
nal. Since the reflection coefficient at the source is zero, no 
further changes occur and the line voltage is equal to the 
generator voltage. Because the initial signal on the line is 
only half the normal signal swing, the loads must be con- 
nected at or near the end of the line to avoid receiving a 2- 
step input signal. 

An ECL output driving a series terminated line requires a 
pull-down resistor to Vgg, as indicated in Figure 8. The re- 
sistor Rrj shown in Figure 8 symbolizes the output resist- 
ance of the ECL gate. The relationships between Rq, Rs, Re 
and Zq are discussed in Appendix B. 



2o = 93<! 
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EXTRA DELAY WITH TERMINATION 
CAPACITANCE 

Designers should consider the effect of the load capaci- 
tance at the end of the line when using series termination. 
Figure 9 shows how the output waveform changes with in- 
creasing load capacitance. Figure 9b shows the effect of 
load capacitances of 0, 12, 24, 48 pF. With no load, the 
delay between the 50% points of the input and output is just 
the line delay T. A capacitive load at the end of the line 
causes an extra delay AT due to the increase in rise time of 
the output signal. The midpoint of the output is used as a 
criterion because the propagation delay of an ECL circuit is 
measured between the 50% points of the input and output 
signals. 
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a. Series Terminated Line with Load Capacitance 
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FIGURE 7. Series Terminated Line and Waveforms 
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b. Output Rise Time Increase with 
Increasing Load Capacitance 
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c. Extra Delay AT Due to Rise Time Increase 
FIGURE 9. Extra Delay with Termination Capacitance 
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FIGURE 8. ECL Element Driving 
a Series Terminated Line 
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b. Thevenin Equivalent for 
Parallel Terminated Case 
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c. Equations for Input and Output Voltages 

FIGURE 10. Determining the Effect 
of End-of-Line Capacitance 



The increase in propagation delay can be calculated by us- 
ing a ramp approximation for the incident voltage and char- 
acterizing the circuit as a fixed impedance in series with the 
load capacitance, as shown in Figure 10. One general solu- 
tion serves both series and parallel termination cases by 
using an impedance Z' and a time constant r, defined in 
Figure 10a and 10b. Calculated and observed increases in 
delay time to the 50% point show close agreement when t 
is less than half the ramp time. At large ratios of r/a (where 
a = ramp time), measured delays exceed calculated values 
by approximately 7%. Figure 11, based on measured val- 
ues, shows the increase in delay to the 50% point as a 
function of the Z'C time constant, both normalized to the 
10% to 90% rise time of the input signal. As an example of 
using the graph, consider a 100ft series terminated line with 
30 pF load capacitance at the end of the line and a no-load 
rise time of 3 ns for the input signal. From Figure 10a, Z' is 
equal to 100ft; the ratio Z'C/t r is 1. From the graph, the 
ratio AT/t r is 0.8. Thus the increase in the delay to the 50% 
point of the output waveform is 0.8 t r , or 2.4 ns, which is 
then added to the no-load line delay T to determine the total 
delay. 

Had the 100ft line in the foregoing example been parallel 
rather than series terminated at the end of the line, Z' would 
be 50ft. The added delay would be only 1 .35 ns with the 
same 30 pF loading at the end. The added delay would be 
only 0.75 ns if the line were 50ft and parallel terminated. 
The various trade-offs involving type of termination, line im- 
pedance, and loading are important considerations for crit- 
ical delay paths. 
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FIGURE 11. Increase in 50% Point Delay Due 

to Capacitive Loading at the End 
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DISTRIBUTED LOADING EFFECTS ON 
LINE CHARACTERISTICS 

When capacitive loads such as ECL inputs are connected 
along a transmission line, each one causes a reflection with 
a polarity opposite to that of the incident wave. Reflections 
from two adjacent loads tend to overlap if the time required 
for the incident wave to travel from one load to the next is 
equal to or less than the signal rise time. 5 Figure 12a illus- 
trates an arrangement for observing the effects of capaci- 
tive loading, while Figure 12b shows an incident wave fol- 
lowed by reflections from two capacitive loads. The two ca- 
pacitors causing the reflections are separated by a distance 
requiring a travel time of 1 ns. The two reflections return to 
the source 2 ns apart, since it takes 1 ns longer for the 
incident wave to reach the second capacitor and an addi- 
tional 1 ns for the second reflection to travel back to the 
source. In the upper trace of Figure 12b, the input signal rise 
time is 1 ns and there are two distinct reflections, although 
the trailing edge of the first overlaps the leading edge of the 
second. The input rise time is longer in the middle trace, 
causing a greater overlap. In the lower trace, the 2 ns input 
rise time causes the two reflections to merge and appear as 
a single reflection which is relatively constant (at ~ — 1 0%) 
for half its duration. This is about the same reflection that 
would occur if the 93f! line had a middle section with an 
impedance reduced to 75fL 

With a number of capacitors distributed all along the line of 
Figure 12a, the combined reflections modify the observed 
input waveform as shown in the top trace of Figure 12c. The 
reflections persist for a time equal to the 2-way line delay 
(1 5 ns), after which the line voltage attains its final value. 
The waveform suggests a line terminated with a resistance 
greater than its characteristic impedance (Ry > Zq). 



This analogy is strengthened by observing the effect of re- 
ducing Rj from 93fi to 75fi, which leads to the middle 
waveform of Figure 12c. Note that the final (steady state) 
value of the line voltage is reduced by about the same 
amount as that caused by the capacitive reflections. In the 
lower trace of Figure 12c the source resistance Rs is re- 
duced from 93J1 to 75f!, restoring both the initial and final 
line voltage values to the same amplitude as the final value 
in the upper trace. From the standpoint of providing a de- 
sired signal voltage on the line and impedance matching at 
either end, the effect of distributed capacitive loading can 
be treated as a reduction in line impedance. 
The reduced line impedance can be calculated by consider- 
ing the load capacitance C|_ as an increase in the intrinsic 
line capacitance Co along that portion of the line where the 
loads are connected. 6 Denoting this length of line as /, the 
distributed value Cq of the load capacitance is as follows. 



Cd 



Cl 



Cfj is then added to Co in Equation 1 to determine the re- 
duced line impedance Zq. 



Z '° Vc +°C D \i 



Lo 



J 



Co 



Co 



z 



(eq. 13) 
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a. Arrangement for Observing Capacitive Loading Effects 
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b. Capacitive Reflections Merging 
as Rise Time Increases 



c. Matching the Altered Impedance 
of a Capacitively Loaded Line 

FIGURE 12. Capacitive Reflections and Effects on Line Characteristics 
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In the example of Figure 12c, the total load capacitance is 
33 pF while the total intrinsic line capacitance /Co is 60 pF. 
(Note that the ratio Crj/Co is the same as C|_//Co.) The 
calculated value of the reduced impedance is thus 

93 93 

Z'o = —r=s= = 1= = 75S1 (eq. 14) 



f 



33 

60 



V'1.55 



This correlates with the results observed in Figure 12c when 
Rt and Rs are reduced to 75ft. 

The distributed load capacitance also increases the line de- 
lay, which can be calculated from Equation 2. 



^fio<Po 

'4 



C D ) 



LqCoa 1 



{' 



Co 
Co 



Cq 
Co 



(eq. 15) 



The line used in the example of Figure 12c has an intrinsic 
delay of 6 ns and a loaded delay of 7.5 ns which checks 
with Equation 15. 

IS' =/8vT55 = 6/T55 = 7.5 ns (eq. 16) 

Equation 15 can be used to predict the delay for a given line 
and load. The ratio Cq/Cq (hence the loading effect) can be 
minimized for a given loading by using a line with a high 
intrinsic capacitance Co. 

A plot of T and 8' for a 50ft line as a function of Cq is 
shown in Figure 13. This figure illustrates that relatively 
modest amounts of load capacitance will add appreciably to 
the propagation delay of a line. In addition, the characteris- 
tic impedance is reduced significantly. 
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FIGURE 13. Capacitive Loading 
Effects on Line Delay and Impedance 

Worst case reflections from a capacitively loaded section of 
transmission line can be accurately predicted by using the 
modified impedance of Equation 9. e When a signal origi- 
nates on an unloaded section of line, the effective reflection 
coefficient is as follows. 

P = !r^ <«M7) 



MISMATCHED LINES 

Reflections occur not only from mismatched load and 
source impedances but also from changes in line imped- 
ance. These changes could be caused by bends in coaxial 
cable, unshielded twisted-pair in contact with metal, or mis- 
match between PC board traces and backplane wiring. With 
the coax or twisted-pair, line impedance changes run about 
5% to 10% and reflections are usually no problem since the 
percent reflection is roughly half the percent change in im- 
pedance. However, between PC board and backplane wir- 
ing, the mismatch can be 2 or 3 to 1 . This is illustrated in 
Figure 14 and analyzed in the lattice diagram of Figure 15. 
Line 1 is driven in the series terminated mode so that reflec- 
tions coming back to the source are absorbed. 
The reflection and transmission at the point where imped- 
ances differ are determined by treating the downstream line 
as though it were a terminating resistor. For the example of 
Figure 14, the reflection coefficient at the intersection of 
lines 1 and 2 for a signal traveling to the right is as follows. 
Z 2 - Z-i _ 93 - 50 



P12 : 



-0.3 



(eq. 18) 



Z 2 + Z-i 143 

Thus the signal reflected back toward the source and the 
signal continuing along line 2 are, respectively, as follows. 
Vir = P12 Vi = +0.3V! (eq. 19a) 

V 2 = (1 + P12/V1 = +1.3V! (eq. 19b) 

At the intersection of lines 2 and 3, the reflection coefficient 
for signals traveling to the right is determined by treating Z 3 
as a terminating resistor. 

Z 3 - Z 2 _ 39 - 93 



P23 : 



-0.41 



(eq. 20) 



Z 3 + Z 2 132 

When V 2 arrives at this point, the reflected and transmitted 
signals are as follows. 
V 2 r = P23 V 2 = -0.41 V 2 

= (-0.41) (1.3) V! (eq. 21a) 

= -0.53 V! 
V 3 = (1 + p 23 ) V 2 = 0.59 V 2 

= (0.59) (1 .3) V-i (eq. 21b) 

= 0.77 Vi 
Voltage V 3 is doubled in magnitude when it arrives at the 
open-ended output, since pi_ is + 1 . This effectively cancels 
the voltage divider action between Rs and Z-\. 
V 4 = (1 + p L ) V 3 = (1 + p L ) (1 + P23) V 2 

= d 



(1 



PL) (1 + P23) (1 
+ PL) (1 + P23) (1 



P12)Vi 

2 



(eq. 22) 



P12)- 



V 4 = d + P23) (1 + P12) V 

Thus, Equation 22 is the general expression for the initial 
step of output voltage for three lines when the input is series 
terminated and the output is open-ended. 



Z'o + Z 
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Note that the reflection coefficients at the intersections of 
lines 1 and 2 and lines 2 and 3 in Figure 15 have reversed 
signs for signals traveling to the left. Thus the voltage re- 
flected from the open output and the signal reflecting back 
and forth on line 2 both contribute additional increments of 
output voltage in the same polarity as Vo- Lines 2 and 3 
have the same delay time; therefore, the two aforemen- 
tioned increments arrive at the output simultaneously at 
time 5T on the lattice diagram (Figure 15). 
In the general case of series lines with different delay times, 
the vertical lines on the lattice diagram should be spaced 
apart in the ratio of the respective delays. Figure 16 shows 
this for a hypothetical case with delay ratios 1:2:3. For a 
sequence of transmission lines with the highest imped- 



ance line in the middle, at least three output voltage incre- 
ments with the same polarity as Vo occur before one can 
occur of opposite polarity. On the other hand, if the middle 
line has the lowest impedance, the polarity of the second 
increment of output voltage is the opposite of Vq. The third 
increment of output voltage has the opposite polarity, for 
the time delay ratios of Figure 16. 

When transmitting logic signals, it is important that the initial 
step of line output voltage pass through the threshold region 
of the receiving circuit, and that the next two increments of 
output voltage augment the initial step. Thus in a series ter- 
minated sequence of three mismatched lines, the middle 
line should have the highest impedance. 



Rg = 50G 



Zi=503 




u 



u 



p 12 = +0.3 
021= -0.3 



" 23 = 
P32 = 



-0.41 
(-0.41 



TL/F/10790-38 







H*j* '^•■^ £'-*?.*. * "*"• .'■..'* . • "5 l • *. ■ rt 


M 



H=20ns/div 
V = 0.4Wdlv 



TL/F/10790-39 



FIGURE 14. Reflections from Mismatched Lines 
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FIGURE 15. Lattice Diagram for the Circuit of Figure 14 
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FIGURE 16. Lattice Diagram for Three Lines with Delay Ratios 1:2:3 



RISE TIME VERSUS LINE DELAY 

When the 2-way line delay is less than the rise time of the 
input wave, any reflections generated at the end of the line 
are returned to the source before the input transition is com- 
pleted. Assuming that the generator has a finite source re- 
sistance, the reflected wave adds algebraically to the input 
wave while it is still in transition, thereby changing the shape 
of the input. This effect is illustrated in Figure 17, which 
shows input and output voltages for several comparative 
values of rise time and line delay. 

In Figure 17b where the rise time is much shorter than the 
line delay, Vi rises to an initial value of 1V. At time T later, 
\lj rises to 0.5V, i.e., 1 + pi_ = 0.5. The negative reflection 
arrives back at the source at time 2T, causing a net change 
of -0.4V, i.e., (1 + p s ) (-0.5) = -0.4. 
The negative coefficient at the source changes the polarity 
of the other 0.1 V of the reflection and returns it to the end of 
the line, causing Mj to go positive by another 50 mV at time 
3T. The remaining 50 mV is inverted and reflected back to 
the source, where its effect is barely distinguishable as a 
small negative change at time 4T. 

In Figure 17c, the input rise time (0% to 100%) is increased 
to such an extent that the input ramp ends just as the nega- 
tive reflection arrives back at the source end. Thus the input 
rise time is equal to 2T. 

The input rise time is increased to 4T in Figure 17d, with the 
negative reflection causing a noticeable change in input 
slope at about its midpoint. This change in slope is more 
visible in the double exposure photo of Figure 17e, which 
shows Vi (t r still set for 4T) with and without the negative 
reflection. The reflection was eliminated by terminating the 
line in its characteristic impedance. 



The net input voltage at any particular time is determined by 
adding the reflection to the otherwise unaffected input. It 
must be remembered that the reflection arriving back at the 
input at a given time is proportional to the input voltage at a 
time 2T earlier. The value of V-| in Figure 17d can be calcu- 
lated by starting with the 1V input ramp. 

V 1 =-«t forO<t<4T (eq. 23) 



tr 
1V 



for t > 4T 



The reflection from the end of the line is 

_ PL (t-2T) . 
v r — . 



(eq. 24) 



the portion of the reflection that appears at the input is 
(1 + p s ) PL (t - 2T) 



VV 



tr 



(eq. 25) 



V 



(eq. 26) 



the net value of the input voltage is the sum. 

t , (1 + Ps) + PL (t ~ 2T) 

tr t r 

The peak value of the input voltage in Figure 17d is deter- 
mined by substituting values and letting t equal 4T. 
(0.8) (-0.5) (4T - 2T) 



1 + ■ 



tr 



(eq. 27) 



= 1-0.4 (0.5) = 0.8V 
After this peak point, the input ramp is no longer increasing 
but the reflection is still arriving. Hence the net value of the 
input voltage decreases. In this example, the later reflec- 
tions are too small to be detected and the input voltage is 
thus stable after time 6T. For the general case of repeated 
reflections, the net voltage Vi(t) seen at the driven end of 
the line can be expressed as follows, where the signal 
caused by the generator is V^t)- 
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1(t) : 



Vl(t) 

for < t < 2T 



v 'l(t) = V 1(t) + (1 + Ps)PL v l(t-2T) 
for 2T < t < 4T 

v 'l(t) = v 1(t) + (1 + Ps)PL v 1(t-2T) 
+ (1 + Ps)PSPL 2 Vl(t-4T) 
for 4T < t < 6T 

V'l(t) = V-i(t) + (1 + Ps)PLVl(t-2T) 
+ (1 + Ps)PSPL 2 Vl(t-4T) 
+ (1 + Ps)PS 2 PL 3 Vl(t-6T) 
for 6T < t < 8T, etc. 



The voltage at the output end of the line is expressed in a 
similar manner. 
V T( t) = 

for < t < T 

V-r(t) = (1 + PL)Vi(t-T) 
(eq. 28) for T < t < 3T 

V T (t) = d + PL)Vi ( t-T) (eq.29) 

+ + PL)PSPLVl(t-3T) 
for 3T < t < 5T 

VT(t) = (1 + PL)Vi(t-T) 

+ (1 + PL)PSPLVl(t-3T) 
+ (1 + PL)pS 2 PL 2 Vl(t-5T) 
for 5T < t < 7T, etc. 




Zo = 75 



«S=-0.2 f>L=-0.5 -h 

a. Test Arrangement for Rise Time Analysis 
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b. Line Voltages for t r < T 



H = 10 ns/div 
V = 0.5 V/div 
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d. Line Voltages for t r = 4T 
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c. Line Voltages for t r = 2T 
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e. Input Voltage with and without Reflection 



FIGURE 17. Line Voltages for Various Ratios of Rise Time to Line Delay 
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RINGING 

Multiple reflections occur on a transmission line when nei- 
ther the signal source impedance nor the termination (load) 
impedance matches the line impedance. When the source 
reflection coefficient ps and the load reflection coefficient 
PL are of opposite polarity, the reflections alternate in polari- 
ty. This causes the signal voltage to oscillate about the final 
steady state value, commonly recognized as ringing. 
When the signal rise time is long compared to the line delay, 
the signal shape is distorted because the individual reflec- 
tions overlap in time. The basic relationships among rise 
time, line delay, overshoot and undershoot are shown in a 
simplified diagram, Figure 18. The incident wave is a ramp 
of amplitude B and rise duration A. The reflection coefficient 
at the open-ended line output is + 1 and the source reflec- 
tion coefficient is assumed to be -0.8, i.e., Rq = Zq/9. 



Figure 18b shows the individual reflections treated sepa- 
rately. Rise time A is assumed to be three times the line 
delay T. The time scale reference is the line output and the 
first increment of output voltage Vrj rises to 2B in the time 
interval A. Simultaneously, a positive reflection (not shown) 
of amplitude B is generated and travels to the source, 
whereupon it is multiplied by —0.8 and returns toward the 
end of the line. This negative-going ramp starts at time 2T 
(twice the line delay) and doubles to - 1 .6B at time 2T + A. 
The negative-going increment also generates a reflection of 
amplitude -0.8B which makes the round trip to the source 
and back, appearing at time 4T as a positive ramp rising to 
+ 1 .28B at time 4T + A. The process of reflection and re- 
reflection continues, and each successive increment chang- 
es in polarity and has an amplitude of 80% of the preceding 
increment. 
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a. Ramp Generator Driving Open-Ended Line 
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b. Increments of Output Voltage Treated Individually 
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c. Net Output Signal Determined by Superposition 
FIGURE 18. Basic Relationships Involved in Ringing 
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In Figure 18c, the output increments are added algebraically 
by superposition. The starting point of each increment is 
shifted upward to a voltage value equal to the algebraic sum 
of the quiescent levels of all the preceding increments (i.e., 
0, 2B, 0.4B, 1.68B, etc.). For time intervals when two ramps 
occur simultaneously, the two linear functions add to pro- 
duce a third ramp that prevails during the overlap time of the 
two increments. 

It is apparent from the geometric relationships, that if the 
ramp time A is less than twice the line delay, the first output 
increment has time to rise to the full 2B amplitude and the 
second increment reduces the net output voltage to 0.4B. 
Conversely, if the line delay is very short compared to the 
ramp time, the excursions about the final value Vq are 
small. 

Figure 18c shows that the peak of each excursion is 
reached when the earlier of the two constituent ramps 
reaches its maximum value, with the result that the first 
peak occurs at time A. This is because the earlier ramp has 
a greater slope (absolute value) than the one that follows. 

Actual waveforms such as produced by ECL or TTL do not 
have a constant slope and do not start and stop as abruptly 
as the ramp used in the example of Figure 18. Predicting the 
time at which the peaks of overshoot and undershoot occur 
is not as simple as with ramp excitation. A more rigorous 
treatment is required, including an expression for the driving 
waveform which closely simulates its actual shape. In the 
general case, a peak occurs when the sum of the slopes of 
the individual signal increment is zero. 

SUMMARY 

The foregoing discussions are by no means an exhaustive 
treatment of transmission line characteristics. Rather, they 



are intended to focus attention on the general methods 
used to determine the interactions between high-speed log- 
ic circuits and their interconnections. Considering an inter- 
connection in terms of distributed rather than lumped induc- 
tance and capacitance leads to the line impedance concept, 
i.e., mismatch between this characteristic impedance and 
the terminations causes reflections and ringing. 
Series termination provides a means of absorbing reflec- 
tions when it is likely that discontinuities and/or line imped- 
ance changes will be encountered. A disadvantage is that 
the incident wave is only one-half the signal swing, which 
limits load placement to the end of the line. ECL input ca- 
pacitance increases the rise time at the end of the line, thus 
increasing the effective delay. With parallel termination, i.e., 
at the end of the line, loads can be distributed along the line. 
ECL input capacitance modifies the line characteristics and 
should be taken into account when determining line delay. 
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APPENDIX B 

ECL DESIGN GUIDE: 

SYSTEM CONSIDERATIONS 

INTRODUCTION 

All of National's ECL input and output impedances are de- 
signed to accommodate various methods of driving and ter- 
minating interconnections. Controlled wiring impedance 
makes it possible to use simplified equivalent circuits to de- 
termine limiting conditions. Specific guidelines and recom- 
mendations are based on assumed worst-case combina- 
tions. Many of the recommendations may seem conserva- 
tive, compared to typical observations, but the intent is to 
help the designer achieve a reliable system in a reasonable 
length of time with a minimum amount of redesign. 

PC BOARD TRANSMISSION LINES 

Strictly speaking, transmission lines are not always required 
for F100K ECL but, when used, they provide the advan- 
tages of predictable interconnect delays as well as reflec- 
tion and ringing control through impedance matching. Two 
common types of PC board transmission lines are microstrip 
and stripline, Figure 1 . Stripline requires multilayer construc- 
tion techniques; microstrip uses ordinary double-clad 
boards. Other board construction techniques are wire wrap, 
stitch weld and discrete wired. 

Stripline, Figure 1b, is used where packing density is a high 
priority because increasing the interconnect layers provides 
short signal paths. Boards with as many as 14 layers have 
been used in ECL systems. 



Microstrip offers easier fabrication and higher propagation 
velocity than stripline, but the routing for a complex system 
may require more design effort. In Figure 1a, the ground 
plane can be a part of the Vf;e distribution as long as ade- 
quate bypassing from Vee to Vrjc (ground) is provided. Also, 
signal routing is simplified and an extra voltage plane is ob- 
tained by bonding two microstrip structures back to back, 
Figure 1c. 
Microstrip 

Equation 1 relates microstrip characteristic impedance to 
the dielectric constant and dimensions. 1 Electric field fring- 
ing requires that the ground extend beyond each edge of 
the signal trace by a distance no less than the trace width. 
60 \ / 4h 



V0.475 £ r - 
87 

v'Cr + 1 .41 



0.67 



H 



5.98 h 
0.8 w + t 



67 (0.8 w + t) 



(eq. 1) 



where h = 
thickness, 
air. 



dielectric thickness, w = trace width, t = trace 
: r = board material dielectric constant relative to 
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c. Composite Microstrip 
FIGURE 1. Transmission Lines on Circuit Boards 
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Equation 1 was developed from the impedance formula for 
a wire over ground plane transmission line, Equation 2. 



Zo : 



!,M!) 



wire diameter, h 



(eq. 2) 
distance from ground to wire 



where d 
center. 

Comparing Equation 1 and 2, the term 0.67 (0.8 w + t) 
shows the equivalence between a round wire and a rectan- 
gular conductor. The term 0.475 e r + 0.67 is the effective 
dielectric constant for microstrip e e , considering that a mi- 
crostrip line has a compound dielectric consisting of the 
board material and air. The effective dielectric constant is 
determined by measuring propagation delay per unit of line 
length and using the following relationship. 

8 = 1.016 •ve^ns/ft (eq. 3) 

where 8 = propagation delay, ns/ft. 
Propagation delay is a property of the dielectric material 
rather than line width or spacing. The coefficient 1.016 is 
the reciprocal of the velocity of light in free space. Propaga- 
tion delay for microstrip lines on glass-filled G-10 epoxy 
boards is typically 1.77 ns/ft, yielding an effective dielectric 
constant of 3.04. 



120 

c: 
I 

UJ 
O 
| 100 

UJ 
O 
UJ 

o 

tr 

< 60 

O 

I 

N 

40 


\ 


EPOXY <: 

t- 0.001' 


= 5.0 








\ 












\ 






S h=0 


060" 




\ 


\h = 


S. h = 0.C 
.015" \ 


31" 







0.020 0.040 0.060 0.080 0.100 
TRACE WIDTH — INCHES 

TL/F/1 0790-53 

FIGURE 2. Microstrip Impedance 
Versus Trace Width, G-10 Epoxy 

Using £ r = 5.0 in Equation 1 , Figure 2 provides microstrip 
line impedance as a function of width for several G-10 
epoxy board thicknesses. Figure 3 shows the related Co 
values, useful for determining capacitive loading effects on 
line characteristics, (Equation 1 5). 

System designers should ascertain tolerances on board di- 
mensions, dielectric constant and trace width etching in or- 
der to determine impedance variations. If conformal coating 
is used the effective dielectric constant of microstrip is in- 
creased, depending on the coating material and thickness. 



I 

5=0.148 ns/in 







































I 
8a 

40 60 80 100 120 

Zo - CHARACTERISTIC IMPEDANCE - 

TL/F/10790-54 

FIGURE 3. Microstrip Distributed Capacitance 
Versus Impedance, G-10 Epoxy 

Strip/ine 

Stripline conductors are totally embedded. As a result, the 
board material determines the dielectric constant. G-10 
epoxy boards have a typical propagation delay of 2.26 ns/ft. 
Equation 4 is used to calculate stripline impedances. 1 . 2 

/60\ / 4b \ 

z = T= ln „„ mo ... , » ( e d- 4 > 



r ) V 0.67 77 (0.8 w + X)) 
where b = distance between ground planes, w = trace 
width, t = trace thickness, w/(b-t) < 0.35 and t/b < 0.25. 
Figure 4 shows stripline impedance as a function of trace 
width, using Equation 4 and various ground plane separa- 
tions for G-10 glass-filled epoxy boards. Related values of 
Cq are plotted in Figure 5. 
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FIGURE 5. Stripline Distributed Capacitance 
Versus Impedance, G-10 Epoxy 
Wire Wrap 

Wire-wrap boards are commercially available with three 
voltage planes, positions for several 24-pin Dual-ln-Line 
Packages (DIP), terminating resistors, and decoupling ca- 
pacitors. The devices are mounted on socket pins and inter- 
connected with twisted pair wiring. One wire at each end of 
the twisted pair is wrapped around a signal pin, the other 
around a ground pin. The #30 insulated wire is uniformly 
twisted to provide a nominal 93f! impedance line. Positions 
for Single-ln-Line Package (SIP) terminating resistors are 
close to the inputs to provide good termination characteris- 
tics. 

Stitch Weld 

Stitch-weld boards are commercially available with three 
voltage planes and buried resistors between planes. The 
devices are mounted on terminals and interconnected with 
insulated wires that are welded to the backside of the termi- 
nals. The insulated wires are placed on a controlled thick- 
ness over the ground plane to provide a nominal impedance 
of 50fl. The boards are available for both DIPs and flatpaks. 
Use of flatpaks can increase package density and provide 
higher system performance. 
Discrete Wired 

Custom Multiwire* boards are available with integral power 
and ground planes. Wire is placed on a controlled thickness 
above the ground plane to obtain a nominal impedance line 
of 55fL Then holes are drilled through the wire and board. 
Copper is deposited in the drilled holes by an additive-elec- 
trolysis process which bonds each wire to the wall of the 
holes. Devices are soldered on the board to make connec- 
tion to the wires. 

*Multiwire is a registered trademark of the Multiwire Corporation. 

Parallel Termination 

Terminating a line at the receiving end with a resistance 
equal to the characteristic line impedance is called parallel 
termination, Figure 6a. F100K circuits do not have internal 
pull-down resistors on outputs, so the terminating resistor 
must be returned to a voltage more negative than Vol to 
establish the LOW-state output voltage from the emitter fol- 
lower. A — 2V termination return supply is commonly used. 
This minimizes power consumption and correlates with 
standard test specifications for ECL circuits. A pair of resis- 
tors connected in series between ground (Vcc) and the Vee 



supply can provide the Thevenin equivalent of a single re- 
sistor to — 2V if a separate termination supply is not avail- 
able, Figure 6b. The average power dissipation in the 
Thevenin equivalent resistors is about 10 times the power 
dissipation in the single resistor returned to — 2V, as shown 
in Figures 10 and 13. For either parallel termination method, 
decoupling capacitors are required between the supply and 
ground (Chapter 6). 
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b. Thevenin Equivalent of Rj and Vtt 
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c. Equivalent Circuit for Determining 
Approximate Vqh and Vol Levels 



E h=- 0.85 V 



Eol= -1.67 V 
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d. F100K Output Characteristic with Terminating 
Resistor Rj Returned to Vyy = -2.0V 
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FIGURE 6. Parallel Termination 
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F100K output transistors are designed to drive low-imped- 
ance loads and have a maximum output current rating of 
50 mA. The circuits are specified and tested with a 5011 load 
returned to — 2V. This gives nominal output levels of 
-0.955V at 20.9 mA and - 1 .705V at 5.9 mA. Output levels 
will be different with other load currents because of the tran- 
sistor output resistance. This resistance is nonlinear with 
load current since it is due, in part, to the base-emitter volt- 
age of the emitter follower, which is logarithmic with output 
current. With the standard 5011 load, the effective source 
resistance is approximately 611 in the HIGH state and 811 in 
the LOW state. 

The foregoing values of output voltage, output current, and 
output resistance are used to estimate quiescent output lev- 
els with different loads. An equivalent circuit is shown in 
Figure 6c. The ECL circuit is assumed to contain two inter- 
nal voltage sources Eqh and Eql with series resistances of 
6H and 811 respectively. The values shown for Eqh and 
Eol are -0.85V and -1.67V respectively. 
The linearized portion of the F100K output characteristic 
can be represented by two equations: 
For V h: V ut = -850-6 UT 
For V 0L : V 0U T = -1670-8 l 0U T 
where Iout is in mA, Vout is in mV. 
If the range of Iout is confined between 8 mA to 40 mA for 
Voh. and 2 mA to 16 mA for Vol. tne output voltage can be 
estimated within ± 10 mV (Figure 6d). 
An ECL output can drive two or more lines in parallel, pro- 
vided the maximum rated current is not exceeded. Another 
consideration is the effect of various loads on noise mar- 
gins. For example, two parallel 75CI terminations to — 2V 
(Figure 6d) give output levels of approximately -1.000V 
and —1.716V. Noise margins are thus 35 mV less in the 
HIGH state and 1 1 mV more in the LOW state, compared to 
5011 load conditions. Conversely, a single 7511 load to -2V 
causes noise margins 38 mV greater in the HIGH state and 
1 1 mV less in the Low state, compared to a 50H load. 

The magnitude of reflections from the terminated end of the 
line depends on how well the termination resistance Rj 
matches the line impedance Zo- The ratio of the reflected 
voltage to the incident voltage V, is the reflection coefficient 
P- 
V r R T - Zn 

i =p= ^ri (eq - 5) 

The initial signal swing at the termination is the sum of the 
incident and reflected voltages. The ratio of termination sig- 
nal to incident signal is thus: 

YT _ , , „ _ 2R T 
Vi 



1 +p 



(eq. 6) 



Rt + Zo 

The degree of reflections which can be tolerated varies in 
different situations, but to allow for worst-case circuits, a 
good rule of thumb is to limit reflections to 15% to prevent 
excursions into the threshold region of the ECL inputs con- 
nected along the line. The range of permissible values of Rj 
as a function of Zo and the reflection coefficient limitations 
can be determined by rearranging Equation 5. 
1 + p 



R T = Z 



(eq. 7) 



Using 1 5% reflection limits as examples, the range of the 

R-r/Zrj ratio is as follows. 

1.15 .., 

(eq.8) 
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The permissible range of the Ry/Zo ratio determines the 
tolerance ranges for Rj and Zq. For example, using the 
foregoing ratio limits, Ry tolerances of ±10% allow Z toler- 
ance limits of +22% and -19%; Rj tolerances of ±5% 
allow Z tolerance limits of +28% and -23%. 
An additional requirement on the maximum value of Rj is 
related to the value of quiescent Ioh current needed to in- 
sure sufficient negative-going signal swing when the ECL 
driver switches from the HIGH state to the LOW state. The 
npn emitter-follower output of the ECL circuit cannot act as 
a voltage source driver for negative-going transitions. When 
the voltage at the base of the emitter follower starts going 
negative as a result of an internal state change, the output 
current of the emitter follower starts to decrease. The trans- 
mission line responds to the decrease in current by produc- 
ing a negative-going change in voltage. The ratio of the volt- 
age change to the current change is, of course, the charac- 
teristic impedance Zo. Since the maximum decrease in cur- 
rent that the line can experience is from Iqh to zero, the 
maximum negative-going transition which can be produced 
is the product Ioh Zo- 

If the Ioh Zo product is greater than the normal negative-go- 
ing signal swing, the emitter follower responds by limiting 
the current change, thereby controlling the signal swing. If, 
however, the Iqh Zo product is too small, the emitter follow- 
er is momentarily turned off due to insufficient forward bias 
of its base-emitter junctions, causing a discontinuous nega- 
tive-going edge such as the one shown in Figure 14. In the 
output-LOW state the emitter follower is essentially non- 
conducting for Vql values more positive than about 
— 1.55V. Using this value as a criterion and expressing Ioh 
and Voh i n terms of the equivalent circuit of Figure 6c, an 
upper limit on the value of Rj can be developed. 
AV= l OH Z > 1.55 - |V hI 

'Eqh - v TT \ , ^ H „ |v TT Ro = e 0H Rt| 



/ e h-Vtt \ 
V Ro + Rt / 



R + R T 
(EQH 



Z > 1 .55 
V TT )Z -(1.55 



R + 
IVttI 



Rt 
Ro 



1.55 - |E 0H I 

2V, R of 611 and Eqh of 



(eq. 9) 



■0.85V, Equation 



Rt< 

For a Vtt of - 
4-9 reduces to 
R T < 1 .64 Z + 3.86f} 

For Zq = 5011, the emitter follower cuts off during a nega- 
tive-going transition if Rt exceeds 8611. Changing the volt- 
age level criteria to — 1 .60V to insure continuous conduction 
in the emitter follower gives an upper limit of 771! for a 501! 
line. For a line terminated at the receiving end with a resist- 
ance to — 2V, a rough rule-of-thumb is that termination re- 
sistance should not exceed line impedance by more than 
50%. This insures a satisfactory negative-going signal swing 
to ECL inputs connected along the line. The quiescent Vql 
level, after all reflections have damped out, is determined by 
Rt and the ECL output characteristic. 

INPUT IMPEDANCE 

The input impedance of ECL circuits is predominately ca- 
pacitive. A single-function input has an effective value of 
about 1.5 pF for F100K flatpak, as determined by its effect 
on reflected and transmitted signals on transmission lines. 
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In practical calculations, a value of 2 pF should be used. 
Approximately one third of this capacitance is attributed to 
the internal circuitry and two thirds to the flatpak pin and 
internal bonding. 

For F100K flatpak circuits, multiple input lines may appear 
to have up to 3 pF to 4 pF but never more. For example, in 
the F100102, an input is connected internally to all five 
gates, but because of the philosophy of buffering these 
types of inputs in the F100K family this input appears as a 
unit load with a capacitance of approximately 2 pF. For ap- 
plications such as a data bus, with two or more outputs 
connected to the same line, the capacitance of a passive- 
LOW output can be taken as 2 pF. 
Capacitive loads connected along a transmission line in- 
crease the propagation delay of a signal along the line. The 
modified delay can be determined by treating the load ca- 
pacitance as an increase in the intrinsic distributed capaci- 
tance of the line, discussed in Chapter 3. The intrinsic ca- 
pacitance of any stubs which connect the inputs to the line 
should be included in the load capacitance. The intrinsic 
capacitance per unit length for G-10 epoxy boards is shown 
in Figure 3 and 5 for microstrip and stripline respectively. 
For other dielectric materials, the intrinsic capacitance Co 
can be determined by dividing the intrinsic delay 8 (Equation 
3) by the line impedance Zr> 

The length of a stub branching off the line to connect an 
input should be limited to insure that the signal continuing 
along the line past the stub has a continuous rise, as op- 
posed to a rise (or fall) with several partial steps. The point 
where a stub branches off the line is a low impedance point. 
This creates a negative coefficient of reflection, which in 
turn reduces the amplitude of the incident wave as it contin- 
ues beyond the branch point. If the stub length is short 
enough, however, the first reflection returning from the end 
of the stub adds to the attenuated incident wave while it is 
still rising. The sum of the attenuated incident wave and the 
first stub reflection provides a step-free signal, although its 
rise time will be longer than that of the original signal. Satis- 
factory signal transitions can be assured by restricting stub 
lengths according to the recommendations for unterminated 
lines (Figure 10). The same considerations apply when the 
termination resistance is not connected at the end of the 
line; a section of line continuing beyond the termination re- 
sistance should be treated as an unterminated line and its 
length restricted accordingly. 

SERIES TERMINATION 

Series termination requires a resistor between the driver 
and transmission line, Figure 7. The receiving end of the line 
has no termination resistance. The series resistor value 
should be selected so that when added to the driver source 
resistance, the total resistance equals the line impedance. 
The voltage divider action between the net series resistance 
and the line impedance causes an incident wave of half 
amplitude to start down the line. When the signal arrives at 
the unterminated end of the line, it doubles and is thus re- 
stored to a full amplitude. Any reflections returning to the 
source are absorbed without further reflection since the line 
and source impedance match. This feature, source absorp- 
tion, makes series termination attractive for interconnection 
paths involving impedance discontinuities, such as occur in 
backplane wiring. 

A disadvantage of series termination is that driven inputs 
must be near the end of the line to avoid receiving a 2-step 




J 



signal. The initial signal at the driver end is half amplitude, 
rising to full amplitude only after the reflection returns from 
the open end of the line. In Figure 7, one load is shown 
connected at point D, aways from the line end. This input 
receives a full amplitude signal with a continuous edge if the 
distance I to the open end of the line is within recommended 
lengths for unterminated line (Figure 10). 

r£> 
^>- 
^>- 

k> 
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FIGURE 7. Series Termination 

The signal at the end has a slower rise time that the incident 
wave because of capacitive loading. The increase in rise 
time to the 50% point effectively increases the line propaga- 
tion delay, since the 50% point of the signal swing is the 
input signal timing reference point. This added delay as a 
function of the product line impedance and load capaci- 
tance is discussed in Chapter 3. 

Quiescent Voh and Vol levels are established by resistor 
Re (Figure 7), which also acts with Vee to provide the nega- 
tive-going drive into Rs and Zo when the driver output goes 
to the LOW state. To determine the appropriate Re value, 
the driver output can be treated as a simple mechanical 
switch which opens to initiate the negative-going swing. At 
this instant, Zo acts as a linear resistor returned to Voh- 
Thus the components form a simple circuit of Re, Rs and Zo 
in a series, connected between Vee and Voh- The initial 
current in this series circuit must be sufficient to introduce a 
0.38V transient into the line, which then doubles at the load 
end to give 0.75V swing. 

Voh - Vee . 0-38 



're- Re T Ps+ V ^- («mo> 

Any Ioh current flowing in the line before the switch opens 
helps to generate the negative swing. This current may be 
quite small, however, and should be ignored when calculat- 
ing R E . 

Increasing the minimum signal swing into the line by 30% to 
0.49V insures sufficient pull-down current to handle reflec- 
tion currents caused by impedance discontinuities and load 
capacitance. The appropriate Re value is determined from 
the following relationship. 

Voh -Vee ^ 

R E + R S + Z Z 
For the Re range normally used, quiescent Vqh averages 
approximately 0.955V and Vee = -4.5V. The value of Rs 
is equal to Zo minus Ro (Ro averages 7f!). Inserting these 
values and rearranging Equation 11 gives the following. 

R E < 5.23 Z + 7f! (eq. 12) 

Power dissipation in Re is listed in Figure 14. The power 
dissipation in Re is greater than in Rj of a parallel termina- 
tion to -2V, but still less than the two resistors of the 
Thevenin equivalent parallel termination, see Figure 10, 13 
and 14. 

The number of driven inputs on a series terminated line is 
limited by the voltage drop across Rs in the quiescent HIGH 
state, caused by the finite input currents of the ECL loads. 
I|H values are specified on data sheets for various types of 
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inputs, with a worst-case value of 265 ju,A for simple gate 
inputs. The voltage drop subtracts from the HIGH-state 
noise margin as outlined in Figure 8a. 
However, there is more HIGH-state noise margin initially, 
because there is less Ioh with the R E load than with the 
standard 50fl load to — 2V. This makes Voh more positive; 
the increase ranges from 43 mV for a 50f! line to 82 mV for 
a 100fl line. Using this Voh increase as a limit on the volt- 
age drop across Rs assures that the HIGH-state noise mar- 
gin is as good as in the parallel terminated case. Dividing 
the Voh increase by Rs + Ro (-Zrj) gives the allowed load 
input current (Ix in Figure 8a). This works out to 0.86 mA for 
a 50fl line, 0.92 mA for a 75a line and 0.82 mA for a 100f! 
line. Load input current greater than these values can be 
tolerated at some sacrifice in noise margin. If, for example, 
an additional 50 mV loss is feasible, the maximum values of 
current become 1.86 mA, 1.59 mA and 1.32 mA for 50fl, 
75fl and 100fi lines respectively. 

An ECL output can drive more than one series terminated 
line, as suggested in Figure 8b, if the maximum rated output 
current of 50 mA is not exceeded. Also, driving two or more 
lines requires a lower R E value. This makes the quiescent 
'oh higher and consequently Voh lower, due to the voltage 
drop across Ro- This voltage drop decreases the HIGH- 
state noise margin, which may become the limiting factor 
(rather than the maximum rated current), depending on the 
particular application. 

The appropriate Re value can be determined using Equation 
13forV EE = - 4.5V. 
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R E 6.23 Z-i - R S 1 6.23 Z 2 - R S2 6.23 Z 3 - T s3 

(eq. 13) 
Circuits with multiple outputs (such as the F1001 12) provide 
an alternate means of driving several lines simultaneous 
(Figure 8c). Note, each output should be treated individually 
when assiging load distribution, line impedance, and R E val- 
ue. 

UNTERMINATED LINES 

Lines can be used without series or parallel termination if 
the line delay is short compared to the signal rise time. Ring- 
ing occurs because the reflection coefficient at the open 
(receiving) end of the line is positive (nominally +1) while 
the reflection coefficient at the driving end is negative (ap- 
proximately -0.8). These opposite polarity reflection coeffi- 
cients cause any change in signal voltage to be reflected 
back and forth, with a polarity change each time the signal is 
reflected from the driver. Net voltage change on the line is 
thus a succession of increments with alternating polarity 
and decreasing magnitude. The algebraic sum of these in- 
crements if the observed ringing. The general relationships 
among rise time, line delay, overshoot and undershoot are 
discussed in Chapter 3, using simple waveforms for clarity. 
Excessive overshoot on the positive-going edge of the sig- 
nal drives input transistors into saturation. Although this 
does not damage an ECL input, it does cause excessive 
recovery times and makes propagation delays unpredict- 
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a. Noise Margin Loss Due to Load Input Current 
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b. Driving Several Lines from one Output 
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c. Using Multiple Output Element for Load Sharing 

FIGURE 8. Loading Considerations 
for Series Termination 

able. Undershoot (following the overshoot) must also be lim- 
ited to prevent signal excursions into the threshold region of 
the loads. Such excursions could cause exaggerated tran- 
sition times at the driven circuit outputs, and could also 
cause multiple triggering of sequential circuits. Signal swing, 
exclusive of ringing, is slightly greater on unterminated lines 
that on parallel terminated lines; Ioh is less and Iol is great- 
er with the R E load, (Figure 9a) making Vqh higher and Vql 
lower. 

For worst case combinations of driver output and load input 
characteristics, a 35% overshoot limit insures that system 
speed is not compromised either by saturating an input on 
overshoot or extending into the threshold region on the fol- 
lowing undershoot. 

For distributed loading, ringing is satisfactorily controlled if 
the 2-way modified line delay does not exceed the 20% to 
80% rise time of the driver output. This relationship can be 
expressed as follows, using the symbols from Chapter 3 and 
incorporating the effects of load capacitance on line delay. 
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Solving this expression for the line length (t 
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(eq. 14) 
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a. Unterminated Line 
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H = 10ns/div 
V=0.3 Vldiv 
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b. Line Voltages Showing Stair-step Trailing Edges 
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H = 1 nsldiv 
V=0.3 V/div 
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c. Load Gate Output Showing Net 

Propagation Increase for Increasing 

Values of Re: 33011, 61011, 1 kfl 

FIGURE 9. Effect on R E Value 
on Trailing-Edge Propagation 

The shorter the rise time, the shorter the premissible line 
length. For F100K ECL, the minimum rise time from 20% to 
80% is specified as 0.5 ns. Using this rise time and 2 pF per 
fan-out load, calculated maximum line lengths for G-10 
epoxy microstrip are listed in Figure 10a. The length (/ ) in 
the table is the distance from the terminating resistor to the 
input of the device(s). For F100K ECL the case described in 
Figure 10a is the only one calculated, since all other combi- 
nations are approximately the same. For other combinations 
of rise time, impedance, fan-out or line characteristics 



(8 and Co), maximum lengths are calculated using Equation 
14. For the convenience of those who are also using 10K 
ECL, maximum recommended lengths of unterminated lines 
are listed in Figure 10b to 10e. 



Zo 


Number of Fan-Out Loads 


1 


2 


3 


4 


50 
62 


1.37* 
1.33 


1.13 

1.07 


0.95 
0.87 


0.81 
0.70 


75 

90 

100 


1.25 
1.18 
1.15 


0.95 
0.85 
0.82 


0.75 
0.66 
0.61 


0.61 
0.53 
0.49 



* Length in inches. 
Unit load - 2 pF, S = 0.148 ns/inch 

FIGURE 10a. F100K Maximum Worst-Case 
Line Lengths for Unterminated 
Microstrip, Distributed Loading 



Zo 


Number of Fan-Out Loads 


2 


3 


4 


6 


8 


50 
62 


4.15* 
3.95 


3.75 
3.50 


3.45 
3.15 


2.85 
2.55 


2.45 
2.10 


75 

90 

100 


3.75 
3.55 
3.45 


3.25 
3.00 
2.85 


2.85 
2.60 
2.45 


2.25 
2.00 
1.85 


1.85 
1.60 
1.45 



* Length in inches. 
Unit load - 3 pF, S = 0.148 ns/in. 

FIGURE 10b. 10K Maximum Worst-Case 
Line Lengths for Unterminated 
Microstrip, Distributed Loading 



Zo 


Number of Fan-Out Loads 


1 


2 


4 


6 


8 


50 


4.40* 


3.65 


2.60 


1.90 


1.40 


62 


4.30 


3.45 


2.30 


1.60 


1.15 


75 


4.20 


3.20 


2.05 


1.40 


0.95 


90 


4.05 


2.95 


1.75 


1.05 


0.65 


100 


3.90 


2.80 


1.60 


0.90 


0.50 



* Length in inches. 
Unit load = 3 pF, 



0.148 ns/in. 

FIGURE 10c. 10K Maximum Worst-Case 

Line Lengths for Unterminated 

Microstrip, Concentrated Loading 



Zo 


Number of Fan-Out Loads 


2 


3 


4 


6 


8 


50 
62 


3.30* 
3.15 


3.00 
2.80 


2.70 
2.50 


2.25 
2.00 


2.90 
1.65 


75 
90 


3.00 
2.80 


2.60 
2.40 


2.25 
2.05 


1.80 
1.55 


1.45 
1.25 



* Length in inches. 
Unit load = 3 pF, 



0.188 ns/in. 

FIGURE 10d. 10K Maximum Worst-Case 
Line Lengths for Unterminated 
Stripline, Distributed Loading 
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Z 


Number of Fan-Out Loads 


1 


2 


4 


6 


8 


50 
62 


3.45* 
3.40 


2.85 
2.70 


2.00 
1.80 


1.50 
1.30 


1.10 

0.90 


75 

90 

100 


3.30 
3.15 
3.10 


2.55 
2.35 
2.20 


1.60 
1.40 
1.25 


1.10 

0.85 
0.70 


0.75 
0.50 
0.40 



"Length in inches. 
Unit load = 3 pF, 8 = 0.188 ns/in. 

FIGURE 10e. 10K Maximum Worst- 
Case Line Lengths for Unterminated 
Stripline, Concentrated Loading 

A load capacitance concentrated at the end of the line re- 
stricts line length more than a distributed load does. Maxi- 
mum recommended lengths for fiberglass epoxy dielectric 
and a 0.5 ns rise time are listed in Figure 10 for microstrip. 
For line impedances not listed, linear interpolation can be 
used to determine appropriate line lengths. Appropriate line 
lengths for dielectric materials with a different propagation 
constant S can be determined by multiplying the listed val- 
ues by the fiberglass epoxy 8 and then dividing by the S of 
the other material. For example, a line length for a material 
which has a microstrip 8 of 0.1 ns/inch is determined by 
multiplying the length given in the microstrip table (for a 
desired impedance and load) by 0.148 and dividing by 0.1. 
Resistor Ftr£ must provide the current for the negative-going 
signal at the driver output. Line input and output waveforms 
are noticeably affected if Re is too large, as shown in Figure 
9b. The negative-going edge of the signal falls in stair-step 
fashion, with three distinct steps visible at point A. The 
waveform at point B shows a step in the middle of the nega- 
tive-going swing. The effect of different Re values on the 
net propagation time through the line and the driven loads is 
evident in Figure 9c which shows the output signal of one 
driven gate in a multiple exposure photograph. The horizon- 
tal sweep (time axis) was held constant with respect to the 
input signal of the driver. The earliest of the three output 
signals occurs with an Re value of 330fl. Changing Re to 
510fl increases the net propagation delay by 0.3 ns, the 
horizontal offset between the first and second signals. 
Changing Re to 1 kfi produces a much greater increase in 
net propagation delay, indicating that the negative-going 
signal at B contains several steps. In practice, a satisfactory 
negative-going signal results when the Re value is chosen 
to give an initial negative-going step of 0.6V at the driving 
end of the line. This gives an upper limit on the value of Re, 
as shown in Equation 15. 

(Vqh - V EE ) Z , 



initial step = A/ • Zq 



■> 0.6 



Re+z 

R E = < 6.25 Z (eq. 15) 

An ECL output can drive two or more unterminated lines, 
provided each line length and loading combination is within 
the recommended constraints. The appropriate Re value is 
determined from Equation 15, using the parallel impedance 
of the two or more lines for Zrj. 

An ECL output can simultaneously drive terminated and un- 
terminated lines, although the negative-going edge of the 
signal shows two or more distinct steps when the stubs are 
long unless some extra pull-down current is provided. Figure 
11a shows an ECL circuit driving a parallel terminated line, 
with provision for connecting two worst-case unterminated 



lines to the driver output. Waveforms at the termination re- 
sistor (point A) are shown in the multiple exposure photo- 
graph of Figure 11b. The upper trace shows a normal signal 
without stubs connected to the driver. The middle trace 
shows the effect of connecting one stub to the driver. The 
step in the negative-going edge indicates that the quiescent 
IrjH current through Rj is not sufficient to cause a full signal 
for both lines. The relationship between the quiescent Iqh 
current through Rj and the negative-going signal swing was 
discussed earlier in connection with parallel termination. 
The bottom trace in Figure 11 shows the effect of connect- 
ing two stubs to the driver output. The steps in trailing edge 
are smaller and more pronounced. The deteriorated trailing 
edge of either the middle or lower waveform increas- 

a. Multiple Lines 




b. Waveforms at Termination Point A 
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-•- NO STUBS 



H = 5ns/div 
V = 0.5 V/div 
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c. Equivalent Circuit for Determining Initial 
Negative Voltage Step at the Driver Output 
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FIGURE 11. Driving Terminated 
and Unterminated Lines in Parallel 
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es the switching time of the cirucit connected to point A. If 
this extra delay cannot be tolerated, additional pull-down 
current must be provided. One method uses a resistor to 
Vee as suggested in Figure 11a. The initial negative-going 
step at point A should be about 0.7V to insure a good fall 
rate through the threshold region of the driven gate. The 
initial step at the driver output should also be 0.7V. If the 
driver output is treated as a switch that opens to initiate the 
negative-going signal, the equivalent circuit of Figure 11c 
can be used to determine the initial voltage step at the driv- 
er output (point X). The value of the current source Irt is the 
quiescent Iqh current through Rj. Using Z' to denote the 
parallel impedance of the transmission lines and A V for the 
desired voltage step at X, the appropriate value of Re can 
be determined from the following equation, using absolute 
values to avoid polarity confusion. 

Re-(|v ee |-|VohI-av|).( |av| _ Z ' ||rt|z , 

For a sample calculation, assume that Rj and the line im- 
pedances are each 100fl, V h is -0.955V, A V is 0.750V, 
V E e is -4.5V and V TT is -2V. I RT is thus 10.45 mA and the 
calculated value of Re is 232fl. In practice, this value is on 
the conservative side and can be increased to the next larg- 
er (10%) standard value with no appreciable sacrifice in 
propagation through the gate at point A. 
Again, the foregoing example is based on worst-case stub 
lengths (the longest permissible). With shorter stubs, the 
effects are less pronounced and a point is reached where 
extra pull-down current is not required because the reflec- 
tion from the end of the stub arrives back at the driver while 
the original signal is still falling. Since the reflection is also 
negative going, it combines with and reinforces the falling 
signal at the driver, eliminating the steps. The net result is a 
smoothly falling signal but with increased fall time compared 
to the stubless condition. 

The many combinations of line impedance and load make it 
practically impossible to define just with stub length begins 
to cause noticeable steps in the falling signal. A rough rule- 
of-thumb would be to limit the stub length to one-third of the 
values given in Figure 10. 

DATA BUSSING 

Data bussing involves connecting two or more outputs and 
one or more inputs to the same signal line, (Figure 12). Any 
one of the several drivers can be enabled and can apply 
data to the line. Load inputs connected to the line thus re- 
ceive data from the selected source. This method of steer- 
ing data from place to place simplifies wiring and tends to 
minimize package count. Only one of the drivers can be 
enabled at a given time; all other driver outputs must be in 
the LOW state. Termination resistors matching the line im- 
pedance are connected to both ends of the line to prevent 
reflections. For calculating the modified delay of the line 
(Chapter 3) the capacitance of a LOW (unselected) driver 
output should be taken as 2 pF. 

An output driving the line sees an impedance equal to half 
the line impedance. Similarly, the quiescent Iqh current is 
higher than with a single termination. For line impedance 
less than 100fl, the Ioh current is greater than the data 
sheet test value, with a consequent reduction of HIGH-state 
noise margin. This loss can be eliminated if necessary by 
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FIGURE 12. Data Bus or Party Line 

using multiple output gates (F100112) and paralleling two 
outputs for each driver. In the quiescent LOW state, termi- 
nation current is shared among all the output transistors on 
the line. This sharing makes Vol more positive than if only 
one output were conducting all of the current. For example, 
a 100f! line terminated at both ends represents a net 50fl 
DC load, which is the same as the data sheet condition for 
Vol- If one worst-case output were conducting all the cur- 
rent, the Vol would be -1.705V. If another output with 
identical DC characteristics shares the load current equally, 
the Vol l eve ' shifts upward by about 25 mV. Connecting two 
additional outputs for a total of four with the same charac- 
teristics shifts Vol upward another 22 mV. Connecting four 
more identical outputs shifts Vol upward another 20 mV. 
Thus the Vql shift for eight outputs having identical worst- 
case Vol characteristics is approximately 67 mV. In prac- 
tice, the probability of having eight circuits with worst-case 
Vol characteristics is quite low. The output with the highest 
Vql tends to conduct most of the current. This limits the 
upward shift to much less than the theoretical worst-case 
value. In addition, the LOW-state noise margin is specified 
greater than the HIGH-state margin to allow for Vol shift 
when outputs are paralleled. 

In some instances a single termination is satisfactory for a 
data bus, provided certain conditions are fulfilled. The single 
termination is connected in the middle of the line. This re- 
quires that for each half of the line, from the termination to 
the end, the line length and loading must comply with the 
same restrictions as unterminated lines to limit overshoot 
and undershoot to acceptable levels. The termination 
should be connected as near as possible to the electrical 
mid-point of the line, in terms of the modified line delay from 
the termination to either end. Another restriction is that the 
time between successive transitions, i.e., the nominal bit 
time, should not be less than 15 ns. This allows time for the 
major reflections to damp out and limits additive reflections 
to a minor level. 

WIRED-OR 

In general-purpose wired-OR logic connections, where two 
or more driver outputs are expected to be in the HIGH state 
simultaneously, it is important to minimize the line length 
between the participating driver outputs, and to place the 
termination as close as possible to the mid-point between 
the two most widely separated sources. This minimizes the 
negative-going disturbances which occur when one HIGH 
output turns off while other outputs remain HIGH. The driver 
output going off represents a sudden decrease in line cur- 
rent, which in turn generates a negative-going voltage on 
the line. A finite time is required for the other driver outputs 
(quiescently HIGH) to supply the extra current. The net re- 



30 



suit is a "V" shaped negative glitch whose amplitude and 
duration depend on three factors: current that the off-going 
output was conducting, the line impedance, and the line 
length between outputs. If the separation between outputs 
is kept within about one inch, the transient will not propa- 
gate through the driven load circuits. 
If a wired-OR connection cannot be short, it may be neces- 
sary to design the logic so that the signal on the line is not 
sampled for some time after the normal propagation delay 
(output going negative) of the element being switched. Nor- 
mal propagation delay is defined as the case where the ele- 
ment being switched is the only one on the line in the HIGH 
state, resulting in the line going LOW when the element 
switches. In this case, the propagation delay is measured 
from the 50% point on the input signal of the off-going ele- 
ment to the 50% point of the signal at the input farthest 
away from the output being switched. The extra wiring time 
required in the case of a severe negative glitch is, in a 
worst-case physical arrangement, twice the line delay be- 
tween the off-going output and the nearest quiescently 
HIGH output, plus 2 ns. 

An idea of how the extra waiting time varies with physical 
arrangement can be obtained by qualitatively comparing the 
signal paths in Figure 13. With the outputs at A and B quies- 
cently HIGH, the duration of the transient observed at C is 
longer if B is the off-going output than if A is the off-going 
element. This is because the negative-going voltage gener- 
ated at B must travel to A, whereupon the corrective signal 
is generated, which subsequently propagates back toward 
C. Thus the corrective signal lags behind the initial transient, 
as observed at C, by twice the line delay between A and B. 
On the other hand, if the output at A generates the negative- 
going transient, the corrective response starts when the 



transient reaches point B. Consequently, the transient dura- 
tion observed at C is shorter by twice the line delay from A 
to B. 
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FIGURE 13. Relative to Wired-OR Propagation 

BACKPLANE INTERCONNECTIONS 

Several types of interconnections can be used to transmit a 
signal between logic boards. The factors to be considered 
when selecting a particular interconnection for a given appli- 
cation are cost, impedance discontinuities, predictability of 
propagation delay, noise environment, and bandwidth. Sin- 
gle-ended transmission over an ordinary wire is the most 
economical but has the least predictable impedance and 
propagation delay. At the opposite end of the scale, coaxial 
cable is the most costly but has the best electrical charac- 
teristics. Twisted pair and similar parallel wire interconnec- 
tion cost and quality fall in between. 

For single-wire transmission through the backplane, a 
ground plane or ground screen (Chapter 5) should be pro- 
vided to establish a controlled impedance. A wire over a 
ground plane or screen has a typical impedance of 1 50f! 
with variations on the order of ±33%, depending primarily 
on the distance from ground and the configuration of the 
ground. Figure 14 illustrates the effects of impedance varia- 
tions with a 15-inch wire parallel terminated with 150fl to 
— 2V. Figure 14b shows source and receiver waveforms 
when the wire is in contact with a continuous ground plane. 
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a. Wire over Ground Plane or Screen 
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b. Wire in Contact with Ground Plane 



c. Wire Spaced 1 / 8 " from Ground Screen 



FIGURE 14. Parallel Terminated Backplane Wire 
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The negative-going signal at the source shows an initial step 
of only 80% of a full signal swing. This occurs because the 
quiescent HIGH-state current Iqh (about 7 mA) multiplied by 
the impedance of the wire (approximately 90f!) is less than 
the normal signal swing, and this condition allows the driver 
emitter follower to turn off. The negative-going signal at the 
receiving end is greater by 25% (1 + p = 1 .25). The receiv- 
ing end mismatch causes a negative-going reflection which 
returns to the source and establishes the Vol level. The 
positive-going signal at the source shows a normal signal 
swing, with the receiving end exhibiting approximately 25% 
overshoot. 

Figure 14c shows waveforms for a similar arrangement, but 
with the wire about 1 / 8 inch from a ground screen. The im- 
pedance of the wire is greater than 150f! termination, but 
small variations in impedance along the wire cause interme- 
diate reflections which tend to lengthen the rise and fall 
times of the signal. As a result, the received signal does not 
exhibit pronounced changes in slope as would be expected 
if a 200fl constant impedance line were terminated with 
150fl. 

Series source resistance can also be used with single wire 
interconnections to absorb reflection. Figure 15a shows a 
16-inch wire with a ground screen driven through a source 
resistance of 100fL The waveforms (Figure 15b) show that 
although reflections are generated, they are largely ab- 
sorbed by the series resistor, and the signal received at the 
load exhibits only slight changes and overshoot. Series ter- 
mination techniques can also be used when the signal into 
the wire comes from the PC board transmission line. Figure 
16a illustrates a 12-inch wire over a ground screen, with 12- 
inch microstrip lines at either end of the wire. The output is 
heavily loaded (fan-out of 8) and the combination of imped- 
ances produces a variety of reflections at the input to the 
first microstrip line, shown in the upper trace of Figure 16b. 
The lower trace shows the final output; a comparison be- 
tween the two traces shows the effectiveness of damping in 
maintaining an acceptable signal at the output. Figure 16c 
shows the signals at the input to the driving gate and at the 
output of the load gate, with a net through-put time of 8.5 
ns. The circuit in Figure 16a is a case of mismatched trans- 
mission lines, discussed in Appendix A. 



Signal propagation along a single wire tends to be fast be- 
cause the dielectric medium is mostly air. However, imped- 
ance variations along a wire cause intermediate reflections 
which tend to increase rise and fall times, effectively in- 
creasing propagation delay. Effective propagation delays 
are in the range of 1.5 to 2.0 ns per foot of wire. Load 
capacitance at the receiving end also increases rise and fall 
time (Appendix A), further increasing the effective propaga- 
tion delay. 
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16" WIRE OVER GROUND SCREEN 
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a. Wire over Ground Screen 
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b. Series Terminated Waveform 
FIGURE 15. Series Terminated Backplane Wire 
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a. Backplane Wire Interconnecting PC Board Lines 
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b. Signals into the First Microstrip and at the Loads 
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c. Input to Driving Gate and Output of Load Gate 

FIGURE 4-16. Signal Path with Sequence 
of Microstrip, Wire, Microstrip 

Better control of line impedance and faster propagation can 
be achieved with a twisted pair. A twisted pair of AWG 26 
Teflon* insulated wires, two twists per inch, exhibits a prop- 
agation delay of 1.33 ns/ft and an impedance of 11 511. 
Twisted pair lines are available in a variety of sizes, imped- 
ances and multiple-pair cables. Figure 4-17a illustrates sin- 

"Teflon is a registered trademark of E.I. du Pont de Nemours Conpany. 



-o- 



■o- 



|Rt 

Vtt 

TL/F/10790-81 



a. Single-ended Twisted Pair 
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b. Differential Transmission Reception 
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c. Backplane Data Bus 
FIGURE 4-17. Twisted Pair Connections 

gle-ended driving and receiving. In addition to improved 
propagation velocity, the magnetic fields of the two conduc- 
tors tend to cancel, minimizing noise coupled into adjacent 
wiring. 

Differential line driving and receiving complementary gates 
as the driver and an F100114 line receiver is illustrated in 
Figure 4-1 7b. Differential operation provides high noise im- 
munity, since common mode input voltages between 
-0.55V and -3.0V are rejected. The differential mode is 
recommended for communication between different parts of 
a system, because it effectively nullifies ground voltage dif- 
ferences. For long runs between cabinets or near high pow- 
er transients, interconnections using shielded twisted pair 
are recommended. 

Twisted pair lines can be used to implement party line type 
data transfer in the backplane, as indicated in Figure 4-17c. 
Only one driver should be enabled at a given time; the other 
outputs must be in the Vol state. The Vbb reference volt- 
age is available on pin 22 of the flatpak and pin 19 of the 
dual-in-line package for the F100114. 
In the differential mode, a twisted pair can send high-fre- 
quency symmetrical signals, such as clock pulses, of 
100 MHz over distances of 50 to 100 feet. For random data, 
however, bit rate capability is reduced by a factor of four or 
five due to line rise effects on time jitter. 3 
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Coaxial cable offers the highest frequency capability. In ad- 
dition, the outer conductor acts as a shield against noise, 
while the uniformity of characteristics simplifies the task of 
matching time delays between different parts of the system. 
In the single-ended mode, Figure 4-18a, 50 MHz signals can 
be transferred over distances of 100 feet. For 100 MHz op- 
eration, lengths should be 50 feet or less. In the differential 
mode, Figures 4-18b, c, the line receiver can recover small- 
er signals, allowing 100 MHz signals to be transferred up to 
100 feet. The dual cable arrangement of Figure 4-1 8c pro- 
vides maximum noise immunity. The delay of coaxial cables 
depends on the type of dielectric material, with typical de- 
lays of 1 .52 ns/ft for polyethylene and 1 .36 ns/ft for cellular 
polyethylene. 
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a. Single-Ended Coaxial Transmission 
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b. Differential Coaxial Transmission 
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c. Differential Transmission with Grounded Shields 
FIGURE 4-18. Coaxial Cable Connections 
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APPENDIX C 

ECL DESIGN GUIDE: 

POWER DISTRIBUTION AND THERMAL CONSIDERATIONS 



INTRODUCTION 

High-speed circuits generally consume more power than 
similar low-speed circuits. At the system level, this means 
that the power supply distribution system must handle the 
larger current flow; the larger power dissipation places a 
greater demand on the cooling system. The direct current 
(DC) voltage drop along ground busses affects noise mar- 
gins for all types of ECL circuits. Voltage drops along Vee 
busses have only a slight effect on F100K circuits, but they 
require consideration to obtain the performance available 
from the family. 

LOGIC CIRCUIT GROUND, V cc 

The positive potential Vcc and Vcca i n ECL circuits is the 
reference voltage for output voltages and input thresholds 
and should therefore be the ground potential. When two 
circuits are connected in a single-ended mode, any differ- 
ence in ground potentials decreases the noise margins, as 
discussed in Chapter 1 . This effect for TTL/DTL circuits, as 
well as for ECL circuits, is illustrated in Figure 1 . The follow- 
ing analysis assumes some average value of current flowing 
through the distributed resistance along the ground path be- 
tween two circuits. For the indicated direction of Iq, the shift 
in ground potential decreases the LOW-state noise margin 
of the TTL/DTL circuits and the HIGH-state noise margin of 
the ECL circuits. If Iq is flowing in the opposite direction, it 
increases these noise margins, but decreases the noise 
margins when the drivers are in the opposite state. For tabu- 
lation of ground currents in ECL, the designs must include 
termination currents as well as Iee operating currents. ECL 
logic boards which use microstrip or stripline techniques 
generally have large areas of ground metal. This causes the 
ground resistance to be quite low and thus minimizes noise 
margin loss between pairs of circuits on the same board. 
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ttl/dtl ecl 

v'ol=v l- + IgRg v'oh-Voh + IqRg 

l G R G = (V' L-VoL) = Noise Margin Decrease = I g R g -(V'oh-V h) 

FIGURE 1. Effect of Ground Resistance 
on Noise Margins 



In practice, two communicating circuits might be located on 
widely separated PC cards with other PC cards in between. 
The net resistance then includes the incremental resistance 
of the ground distribution bus from card to card, while the 
ground current is successively increased by the contribution 
from each card. Figure 2 illustrates a distribution bus for a 
row of cards with incremental resistances along the bus. 
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r = Incremental Bus Resistance between Positions 
i = Average Ground Current per Card 

FIGURE 2. Ground Shift Along a Row of PC Cards 

The ground shift can be estimated by first determining an 
average value of current per card based on the number of 
packages, the mix of SSI and MSI, and the number and 
types of terminations. With n cards in the row, an average 
ground current (i) per card, and an incremental bus resist- 
ance (r) between card positions, the bus voltage drops be- 
tween the various positions can be determined as follows: 

between positions 1 and 2: v-|_2 = (n — 1) ir 
between positions 1 and 3: v-|_3 = (n — 1) ir + 

(n - 2) ir 
between positions 1 and 4: v-|_4 = (n — 1) ir + 

(n - 2) ir + 
(n - 3) ir 
v-i-n = ir {(n - 1) + 

(n - 2) + (n - 3) 
+ ... +[n - (n- 1)]) 
= ir [1 +2 + 3 
+ ... + (n-1)] 



between 1 and n: 



V1 



'I" 



1 



For a row of 15 cards, for example, the total ground shift 
between positions 1 and 15 is expressed as in Equation 1. 

14 



v-i-15 = ir 



X n=ii 



r(1 + 2 + 3 + ... + 13 + 14) 



(eq. 1) 



105 ir 
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The ground shift between any two card positions j and k can 
be determined as follows for the general case. 
Vj_ k = (n - j) ir + [n - (j + 1)] ir + 

[n - G + 2)] ir 

+ ...+ (n- tl + (k-j-1)])ir 

= (k-j)nir-ir(j + G + 1) + (i + 2) 
+ ...+ [j + (k-i-1)]j 



(eq. 2) 



Vj-k 



= (k - j) nir 



ir X" 



ir [(k - j) n 



K 1 

2> 



i i 

In a row of 1 5 cards, the ground shift between positions four 

and nine, for example, is determined as follows. 

Vj_ k = ir [(9 - 4) 15 - (4 + 5 + 6 + 7 + 8)] (eq. 3) 

= ir (75 - 30) = 45 ir 
The ground shift between the same number of positions 
further down the row is less because of the decreasing cur- 
rent along the row. Consider the ground shift between card 
positions 10 and 15. 
Vio-15 = ir 1(15 -10)15 - 

(10 + 11 + 12 + 13 + 14)] (eq. 4) 

= ir (75 - 60) = 15 ir 
These examples illustrate several principles the designer 
should consider regarding the ground distribution bus and 
assignment of card positions. The bus resistance should be 
kept as low as possible by making the cross-sectional areas 
as large as practical. Logic cards which represent the heavi- 
est current drain should be located nearest the end where 
ground comes into the row of cards. Cards with single-end- 
ed logic wiring between them should be assigned to posi- 
tions as close together as possible. Conversely, if the 
ground shift between two card positions represents an un- 
acceptable loss of noise margin, then the differential trans- 
mission and reception method i.e., twisted pair, should be 
used for logic wiring between them, thereby eliminating 
ground shift as a noise margin factor. 

CONDUCTOR RESISTANCES 

Conductors with large cross-sectional areas are required to 
maintain low voltage drops along power busses. For conve- 
nience, Figure 3 lists the resistance per foot and the cross- 
sectional area for more common sizes of annealed copper 
wire. Other characteristics and a complete list of sizes can 
be found in standard wire tables. A useful rule-of-thumb re- 
garding resistances and, hence, areas is: as gauge numbers 
increase, resistance doubles with every third gauge number; 
e.g., the resistance per foot of #10 wire is 1 mfi, for #13 
wire it is 2 mfi. Similarly, the resistance per foot of #0 wire 
is 0.078 mil, which is half that of #2 wire. 
For calculations involving conductors having rectangular 
cross sections, it is often convenient to work with sheet 
resistance, particularly for power distribution on PC cards. 
Copper resistivity is usually given in ohm-centimeters, indi- 
cating the resistance between opposing faces of a 1 cm 
cube. The sheet resistance of a conductor is obtained by 
dividing the resistivity by the conductor thickness. These 
relationships follow. 



AWG 
B&S 
Gauge 


Resistance 
mil Per Foot 


Cross-Sectional 

Area 
Square Inches 


#2 
#6 
#10 
#12 
#18 
#22 
#26 
#30 


0.156 
0.395 
0.999 
1.588 
6.385 
16.14 
40.81 
103.2 


5.213 X 10-2 
2.062 X 10-2 
8.155 X 10-3 
5.129 X 10-3 
1.276 X 10-3 
5.046 X 10-4 
1.996 X 10-4 
7.894 X 10-5 



FIGURE 3. Resistance and Cross-Sectional Area 
of Several Sizes of Annealed Copper Wire 

Copper resistivity = p = 1 .724 X 1 -6 ricm @ 20°C 



Resistance of a conductor 



I 



I 



width 



where: I = length t = thickness 

P I 

Sheet resistance p= = - fi per — 

^ a t M w 

The length/width ratio (l/w) is dimensionless; therefore, the 

resistance of a length of conductor of uniform thickness can 

be calculated by first determining the number of "squares," 

then multiplying by the sheet resistance. For example, a 

conductor one-eighth inch wide and three inches long has 

24 squares; its resistance is 24 times the sheet resistance. 

Since many thickness dimensions are given in inches, it is 

convenient to express the resistivity in ohm-inch, as follows. 

pfflin.) = p(ficm) + 2.54 = 6.788 X 10" 7 f!in. 

The use of sheet resistance and the "squares" concept is 

illustrated by calculating the resistance of the conductor 

shown in Figure 4. Assume the conductor is a 1 oz. copper 

cladding with a 0.0012 inch minimum thickness on a PC 

card. 
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FIGURE 4. Conductor of Uniform Thickness 
but Non-Uniform Cross Section 



Sheet resistance = ps = 

= 5.657 X 10-4 riper square 
The number of squares S for the rectangular sections are as 
follows. 



S1 



h 13 

— =8 S3 = — = 3 
W1 W2 

The middle average segment of the conductor has a trapez- 
iodal shape. The average of w-| and W2 can be used as the 
effective width, within 1 % accuracy, if the w 2 /w-| ratio is 1 .5 
or less. Otherwise, a more exact result is obtained as fol- 
lows. 

_j2_,„f^ 

W2 — wi V wi / 



S 2 



4 In 2 = 2.77 squares (eq. 5) 



Total R = R1 + R 2 + R3 = p s (S-| + S 2 + S3) 
= 7.51 ma 
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As another example, assume that a 1 oz. trace must carry a 
200 mA current six inches with a voltage drop less than 
10 mV. 



0.01 
0.2 



0.05a 



0.05 = p s - 



20 p s 



(eq. 6) 



I 

w = 120 p s = (120) 5.657 X 10" 4 = 67.9 X lO" 3 
.'. minimum trace width, w = 68 mils 
At a higher current level, consider the voltage drop in a 
conductor 20 mils thick, 1.25 inches wide and 3 feet long 
carrying a 50A current. 

6.788 X 10-7 
Ps - 



2 X 10-2 



3.364 X 10-5 fl per square 



IR - (50) (3.364 X 10-5) 



36 
1.25 



(eq- 7) 



= 0.0484 = 48.4 mV 
Sheet resistances for various copper thicknesses are listed 
in Figure 5. Standard thicknesses and tolerances for copper 
cladding are tabulated in Figure 6 and resistance per foot as 
a function of width is shown in Figure 7. 



Weight 

or 

Thickness 


Sheet 

Resistance 

il per 

Square 


Thickness 


Sheet 

Resistance 

il per Square 


2oz. 

3oz. 

5oz. 

0.01 in. 


2.715 X 10-4 
1.886 X 10-4 
1.077 X 10-4 
6.788 X 10-5 


0.02 in. 
0.05 in. 

Vis in. 

% in. 


3.364 x 10-5 
1.358 X 10-5 
1.086 X 10-5 
2.715 X 10-6 



FIGURE 5. Sheet Resistance for Various 
Thicknesses of Copper 



Nominal Thickness 


Nominal 
Weight 


Tolerances 
By 


in. 


mm 


oz/ft2 


Weight, % 


in. 


0.0007 


0.0178 


Vz 


+ 10 


+ 0.0002 


0.0014 


0.0355 


1 


+ 10 


+ 0.0004 
-0.0002 


0.0028 


0.0715 


2 


+ 10 


+ 0.0007 
-0.0003 


0.0042 


0.1065 


3 


+ 10 


+ 0.0006 


0.0056 


0.1432 


4 


+ 10 


+ 0.0006 


0.0070 


0.1780 


5 


+ 10 


+ 0.0007 


0.0084 


0.2130 


6 


+ 10 


+ 0.0008 


0.0098 


0.2460 


7 


+ 10 


+ 0.001 


0.014 


0.3530 


10 


+ 10 


+ 0.0014 


0.0196 


0.4920 


14 


+ 10 


+ 0.002 



FIGURE 6. Thickness and Tolerances 
Copper Cladding 
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I 0.20 
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FIGURE 7. Conductor Resistance vs 
Thickness and Width 

TEMPERATURE COEFFICIENT 

The resistances in Figures 3, 5, and 7, as well as those used 
in the sample calculations, are 20°C values. Since copper 
resistivity has a temperature coefficient of approximately 
0.4%/°C, the resistance at a temperature (T) can be deter- 
mined as follows. 

R T = R 2 o°c [1 + 0.004 (T + 20°C)] 

At 55°C: (eq. 8) 

R = R20°C [1 + 0.004 (55°C - 20°C)] = 1.14 R 2 o°c 
When specifying power bus dimensions for PC cards con- 
taining many IC packages, designers should bear in mind 
that excessive current densities can cause the copper tem- 
perature to rise appreciably. Figure 8 illustrates the ohmic 
heating effect of various current densities. 1 
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FIGURE 8. Temperature Rise with Current 
Density in PC Board Traces 
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DISTRIBUTION IMPEDANCE 

Power busses should have low AC impedance, as well as 
low DC resistance, to prevent propagation of extraneous 
disturbances along the distribution system. As far as current 
or voltage changes are concerned, power and ground bus- 
ses appear as transmission lines; thus their impedances can 
be affected by shape, spacing and dielectric. The effect of 
geometry on impedance is illustrated in the two arrange- 
ments of Figure 9. The same cross-sectional area of copper 
is used, but the two round wires have an impedance of 
about 75fi while the flat conductors have an impedance 
determined as follows. 

377 d L d 

Z = -,=- for - < 0.1 

V£ h h 

With a Mylar®* or Teflon®* dielectric (£ = 2.3) two mils 
thick, impedance of the flat conductor pair is only 0.5CI. 
Power line impedance can be reduced by periodically con- 
necting RF-type capacitors across the line. 



AREA = 0.02 SO IN. 




~ "i f 


t; v h-i 

Mi 


- -*- 



Z *75G 



Zo» 0.75 
(AIR DIELECTRIC) 
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FIGURE 9. Effect of Geometry 
on Power Bus Impedance 

*Mylar and Teflon are registered trademarks of E.I. du Pont de Nemours 
Company. 

GROUND ON PC CARDS 

It is essential to assign one layer of copper cladding almost 
exclusively to ground. This provides low-impedance, non-in- 
terfering return paths for the current changes which travel 
along signal traces when the IC outputs change state. 
These currents flow from the Vcca Pins of the IC packages, 
through the output transistors, then into the loads and the 
stray capacitances. These stray capacitances exist from an 
output to Vee, output to ground, and to other signal lines. 
Thus, displacement currents through stray capacitances 
flow in many paths, but must ultimately return through 
ground to the output transistor where they originated. To 
reduce the length and impedance of the return path, the 
ground metal should cover as large an area as possible and 
one decoupling capacitor should be provided for every one 
to two IC packages. Additional capacitors may be needed 
for multiple output devices. These capacitors should be ce- 
ramic, monolithic or other RF types in the 0.01 j^F to 0.1 jaF 
range. 

The load current returning to an IC package through ground 
metal is predictable, both in magnitude and in the return 
path. Since the magnetic and capacitive coupling between a 
signal trace and the underlying ground provides the trans- 
mission line characteristic, it follows that the load current 
flowing through the signal trace is accompanied by a ground 
return current equal in magnitude but opposite in direction. 
For example, in a 50fl terminator Iql is 5.9 mA, Iqh is 
20.9 mA. Then signal change will cause about 15 mA cur- 
rent change and, as this current change propagates along 
the signal trace, a current of — 1 5 mA advances along the 



ground directly underneath the signal trace. Therefore, if 
there is an interruption in the ground, the return current is 
forced to go around it. The 15 mA current change can be 
reduced by terminating the complementary output of the 
signal. Then a signal change will direct the current from true 
output to the complement output reducing the A currents in 
the ground plane. When it is necessary to interrupt the 
ground plane, the interruptions should be kept as short as 
possible; every effort should be made to locate them away 
from overlying signal lines. When the ground plane is inter- 
rupted for short signal lines between packages, these lines 
should be at right angles to signal lines on the other side to 
minimize coupling. Vee and Vjj distribution lines can also 
act as the return side of transmission lines, as long as de- 
coupling capacitors to ground are placed in the immediate 
areas where the signal return current must continue through 
ground. 

Several connections along the edge of a PC card should be 
assigned to ground to accommodate backplane signal 
ground. These should be spaced at one-half to one inch 
intervals to minimize the average path length for signal re- 
turn currents and to simulate a distributed connection to the 
backplane signal ground. 

Not enough emphasis can be placed on the requirement for 
a good ground. All input signals are referenced to internal 
Vbb and the Vbb is referenced to Vrjc (ground). Any varia- 
tion from one side of the board to the other affects the noise 
margins. To help eliminate some of the variations a sepa- 
rate Vcca is provided on F100K ECL circuits to power the 
output drivers and leave the Vcc going to internal circuitry 
unaffected. 

BACKPLANE CONSTRUCTION 

In order to take complete advantage of the speeds inherent 
in F100K ECL it is desirable to construct the backplane as a 
multilayer printed circuit board. Generally, two internal lay- 
ers are devoted to ground and Vee and the signals occupy 
the outside layers. Where power densities are very high, it 
may be necessary to supplement the power layers with ex- 
ternal busses (see Backplane Interconnections, Chapter 4 ). 
If it is necessary to use wires to augment the interconnec- 
tion provided by the traces, less critical signals should use 
the wires. The wires will exhibit an impedance which can be 
calculated with the wire-over-ground formula 



138 4h 

H Log10 7 



(eq. 9) 



where d is diameter, h is distance to ground, and e is di- 
electric constant. 

Bear in mind that if the ground plane is buried inside the 
board, then both h and £ are made up of multiple compo- 
nents. 

TERMINATION SUPPLY, V-pr 

A separate return voltage for the termination resistors offers 
a way to minimize power dissipation in systems extensively 
using parallel termination techniques. A-2V Vjy value rep- 
resents an optimum speed/power trade-off, allowing suffi- 
cient termination current to discharge load capacitances 
while minimizing the average power consumption. Figure 10 
shows the average values of current, IC power dissipation 
and resistor power dissipation for various values of the ter- 
mination resistor Rj returned to — 2V. Average values are 
determined by calculating the output HIGH and output LOW 
values, then taking the average. These 50% duty cycle 
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values are useful in determining the current drain on the 
— 2V supply and the contribution to dissipation on the logic 
boards. Peak values of termination current are approximate- 
ly 60% greater than the average values listed. 
DC regulation of the — 2V supply is not critical; a variation of 
± 5% causes a change in output levels of ± 1 2 mV for 50f! 
terminations or ±7 mV for 100fi terminations. 
The high frequency characteristics of the Vjj distribution 
are extremely important. Ideally, a solid voltage plane 
should be devoted to V-rj. If this is not feasible, the Vyj 
distribution should form a grid using orthogonal traces. In 
any case, decoupling capacitors to ground should be used 
to reduce the high frequency impedance. 
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'avg 
mA 


Pd (avg) mW 


IC Output 


Resistor 


50 
62 


14 
11 


14 
12 


13 
11 


75 
90 


9.3 
8.1 


9.5 
8.2 


9.1 
7.9 


100 
150 


7.3 
5.0 


7.3 
4.9 


7.1 
5.0 



FIGURE 10. Average Current and Power Dissipation 
for Parallel Termination to -2V 

If the terminators used are in Single In-line Packages (SIP) 
or Dual-In-line Packages (DIP) as opposed to discrete resis- 
tors, particular attention must be given to decoupling in or- 
der to maintain a solid Mjj voltage inside the package. This 
is necessary to avoid crosstalk due to mutual inductance to 
V77. SIPs have been developed which have multiple V77 
connections and on-board decoupling capacitors. 

V EE SUPPLY 

The value of Vee is not critical for F100K since all circuits in 
the family operate over the range of -4.2V to -5.7V. De- 
coupling capacitors to ground should be used on each card, 
as previously discussed in connection with the ground on 
PC cards. In addition, each card should used 1 jxF to 10 |uF 
decoupling capacitors near the points where Vee enters the 
card. 

The current drain for the Vee supply for each circuit type 
can be determined from the data sheet specifications. For 
Vee values other than —4.5V, the current drain varies as 
shown in Figure 11 and 12 for SSI and MSI elements re- 
spectively. These graphs are made from data from the 
F100101 and F100179. 
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FIGURE 11. Supply Current vs 
Supply Voltage for F100101 
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FIGURE 12. Supply Current vs 
Supply Voltage for F100179 

Series dividers used to obtain Thevenin equivalent parallel 
terminations increase the current load on the Vee supply, as 
do the pull-down resistors to Vee used with series termina- 
tion. Average Vee current and resistor dissipation for Theve- 
nin equivalent terminations are listed in Figure 13 for several 
representative values of equivalent resistance. The average 
values apply for 50% duty cycle. Peak current values are 
approximately 1 1 % greater. Dissipation in the IC output 
transistor is the same as in Figure 10. Average dissipation 
and Iee current for several values of pull-down resistance to 
Vee a re listed in Figure 14. The Re values are appropriate 
for series termination of transmission lines with impedances 
listed in the Zq column, determined from Equation 12. Peak 
current values are approximately 12% greater than average 
values. 

Figures 10, 13 and 14 show that the Thevenin equivalent 
parallel termination method leads to ten times as much dis- 
sipation in the resistors as in the single resistor returned to 
— 2V. Similarly, the dissipation in Re for series termination is 
three times the dissipation in the parallel termination resistor 
to -2V. 
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Rt 


R m 


R 2« 


! EE (avg) 


Pd (avg) mW 
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= 1.80 R T 


= 2.25 R T 


mA 


Resistors 


50 


90 


113 


28.2 


109 


62 


112 


140 


22.7 


87.9 


75 


135 


169 


18.8 


72.7 


82 


148 


185 


17.2 


66.5 


90 


162 


203 


15.7 


60.5 


100 


180 


225 


14.1 


54.5 


120 


216 


270 


11.7 


45.4 


150 


270 


338 


9.4 


36.3 



FIGURE 13. Series Divider for Thevenin 
Equivalent Terminations 
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Zo 


Re 


■ee (avg) 


P D (avg) mW 






Jl 


n 


mA 


IC Output 


Re 


50 


269 


9.8 


12.9 


25.8 


62 


331 


7.9 


10.4 


20.6 
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FIGURE 14. Average Current and Power Dissipation 
Using Pull-Down Resistor to V EE 

THERMAL CONSIDERATIONS 

System cooling requirements for ECL circuits are based on 
three considerations: (1) the need to minimize temperature 
gradients between circuits communicating in the single-end- 
ed mode, (2) the need to control the temperature environ- 
ment of each circuit to assure that the parameters stay with- 
in guaranteed limits, and (3) the need to insure that the 
maximum rated junction temperature is not exceeded. 
Temperature gradients are of no practical concern with 
F100K circuits since they are temperature compensated; 



their output voltage levels and input thresholds change very 
little with temperature, as discussed in Chapter 1 . With un- 
compensated ECL circuits, output voltage levels and input 
thresholds vary with temperature. This causes a loss of 
noise margin when driving and receiving circuits are operat- 
ing at different temperatures. Loss of HIGH-state noise mar- 
gin occurs when the receiving circuit is at the higher temper- 
ature, amounting to approximately 1 mV/°C of temperature 
gradient. When the driving circuit is at the higher tempera- 
ture, the LOW-state margin decreases by approximately 
0.5 mV/°C of gradient. The system designer must consider 
noise margin loss, due to temperature gradients. 
Each DC parameter limit on the F100K data sheets applies 
over the entire 0°C to + 85°C case temperature. For uncom- 
pensated ECL circuits, parameter limits have different val- 
ues for different ambient temperatures. Further, ambient 
temperature specifications are based on a minimum air flow 
rate of 400 linear feet per minute. Thermal equilibrium must 
be established for incoming test results of uncompensated 
ECL circuits to be valid. The time required to attain equilibri- 
um can vary considerably, depending on the internal dissi- 
pation of the particular IC type and details of the thermal 
arrangement. Normally, an adequate waiting time is three to 
five minutes after power is applied. 

The maximum rated junction temperature of F100K circuits 
is + 1 50°C. An individual IC junction temperature can be 
determined by multiplying power dissipation by the junction- 
to-air thermal resistance Oja and adding the result to the 
ambient air temperature. The power dissipation is Vee times 
Iee. from the data sheet, plus the dissipation in the output 
transistors from Figure 10 or 14. Thermal resistance is 
shown in Figure 15 as a function of cooling air flow rate. 
This figure applies when the IC is mounted on a board with 
the air flowing in a plane parallel to the board and perpen- 
dicular to the long axis of the IC package. When air temper- 
ature, flow rate and package power dissipation are known, 
junction temperature is determined as follows. 
Tj = T A + P D 0JA (eq. 10) 





\y////\ 24-PIN FLATPAK (4 V) AL 2 Q 3 BASE ; : 
" WZ% 24 " PIN C ER AMIC DIP (6 Y) AL 2 3 : : 


: hXWJ 24-PIN FLATPAK (4 Q) BeO BASE :: 


- 






















!— '■ ~ 




































































































































































































W/ 


ty/ffl 






















































*f ' *■ 


■«"<jf a 







































10 100 1000 

AIR FLOW RATE — LINEAR FT./MIN. 

TL/F/10790- 

FIGURE 15. Junction-to-Air Thermal 
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Conversely, when the maximum rate junction temperature instance, on a densely packed logic board in a horizontal 

( + 150°C), the package power dissipation, and the air tern- attitude in still air, the effective ambient temperature for an 

perature are known, the minimum flow rate can be deter- IC varies with its position. An IC in the middle of the board is 

mined by first determining the maximum thermal resistance. subjected to air that is partially heated by surrounding ICs. 

(150° — t ) Additionally, the temperature of the board rises due to heat 

Maximum 0j^ = (eq. 11) flow through the component leads. These effects can cause 

D a much higher junction temperature than might be expect- 

For this value of 8ja the minimum flow rate is determined ed. 
from Figure 15. 

When the system designer plans to depend on natural con- 
vection for cooling, it is recommended that thermal tests be 1 ■ Harper, C.A., Editor, Handbook of Wiring, Cabling and In- 
conducted to determine actual conditions. The effective- terconnecting for Electronics , McGraw-Hill, 1972. 
ness of natural convection for cooling varies greatly. For 
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LIFE SUPPORT POLICY 

NATIONAL'S PRODUCTS ARE NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS IN LIFE SUPPORT 
DEVICES OR SYSTEMS WITHOUT THE EXPRESS WRITTEN APPROVAL OF THE PRESIDENT OF NATIONAL 
SEMICONDUCTOR CORPORATION. As used herein: 

1. Life support devices or systems are devices or 2. A critical component is any component of a life 



systems which, (a) are intended for surgical implant 
into the body, or (b) support or sustain life, and whose 
failure to perform, when properly used in accordance 
with instructions for use provided in the labeling, can 
be reasonably expected to result in a significant injury 
to the user. 



support device or system whose failure to perform can 
be reasonably expected to cause the failure of the life 
support device or system, or to affect its safety or 
effectiveness. 
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